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SYMROLS USED IN SECTIONS 1 & 2
Definition Units

gimbal trim system error rate threshold rad/sec.
gimbal trim system, error threshold rad.
deadband rad.
yaw axls total error rad.
pitch axis total error rad.
roll axis total error rad.
modulator operating range rad.
rate gain sec.
yaw axis body rate rad/sec
yaw axis rate error rad/sec
vaw axis rate command rad/sec
yaw axis rate limit rad/sec
pitch axis body rate rad/sec
pitch axis rate error rad/sec
pitch axis rate command rad/sec
pitch axis rate limit rad/sec
roll axis body rate rad/sec

T, roll sxis rate error rad/sec

r roll axis rate command rad/sec

rp roll axis rate limit rad/sec

ton ' modulator minimum electrical pulse width sec.

min

@b yaw axis attitude error rad.

Bb pitch axis attitude error rad.

Wb roll axis attitude error rad.

Q vehicle attitude in guidance coordinates rad.

ﬁc attitude command in guidance coordinates rad.

Qe attitude error in guidance coordinates rad.

wb body axis attitude error rad.

[MS] transformation matrix from guidance coordinates
to body axes
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PAGE 3

SYMBOLS USED IN SECTIONS 1 & 2

Definition

rate gyro natural frequency
filter natural frequency
rate gyro damping ratio
filter damping ratio

gimbal actuator gain

gimbal actuator time constant
medulator nonlinearity factor
filtered pitch axis error
filtered roll axis error

trim system pitch axis error rate

trim system roll axis error rate

Units

rad/sec

rad/sec

rad/sec

sec.

rad.
rad.
rad/sec.

rad/sec.
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This report presents the results of a series of analyses performed from
January 1963 to June 1964 which have been conducted to enable selection of

a functional configuration (Figure 1-1) for the attitude control portion of
the IEM Flight Control System. These analyses are concerned primarily with
the stability and response of the vehicle in the automatic control modes and
with the compatibility between the automatic and manual modes.

The attitude control system accepts attitude and thrust vector commands from
the Navigation and Guidance System (primary or abort) and manual commands
from the astronaut. Control torques are generated by & combination of 16
reaction jets and a gimballed rocket engine for the descent stage, but only
by the 16 reaction jets (fixed ascent rocket engine) for the ascent stage.

Figure 1-1 presents schematically the LEM attitude control system, its opera-
ting modes and logilc inputs. Table 1-1 summarizes the values recommended for
the attitude control system parameters. These parameter values were
determined from the various analyses performed to determine the attitude
control system configuration. Based upon these control system parameters,the
RCS propellant requirements for attitude control for a typical LEM mission
were estimated. These propellant requirements are tabulated in Table 1-2.

Non-linear pulse ratio modulators have been selected to generate the rotation
torque thrust commands to be delivered to the reaction jets. These modulators
were selected because they yield satisfactory attitude control for normal

1limit cycle, disturbed limit cycle and large transient response operation

while minimizing the number of thruster operations. The non-linear PRM assures
convergence to a minimum impulse limit cycle (coasting periods) in the presence
of vehicle inertia variation, Jjet time delays and control system lags. It
provides excellent propellant economy and jet pulsing frequency control for
moment unbalance operation (thrusting periods) by virtue of the long pulse
widths generated,and requires the minimum number of changes of control system
parameters during the IFM mission. Also, a single deadband on the total error
in each axis (ep, eq and eg) rather than two deadzones (one on the total error
and one on the attifude error (@p, Op and}f)) was selected to avoid undesirable
limit cycles.

A descent rocket engine gimbal servo was selected which is a constant speed,
irreversible drive, non-linear phase lead stabilized open loop actuator.

This low response trim system was selected because of the inherent simplicity
and reliability advantages of the constant speed actuators over proportional
actuators, of irreversible drive over reversible drive, and of open loop
actuator control over closed loop actuator control. Maneuvering control is
provided by the reaction jets.

For ascent thrust vector control, it was concluded that the reaction Jets
alone will provide adequate maneuver and trim control for the expected levels
of disturbance torques.

To meet the requirements of the Abort Guidance System.(AGS) with the Ty
compensation law, it was found that the attitude offset error due to control
system response to moments generated by the vehicle c.g. offset when thrusting
with the ascent engine must be removed. Addition of integral compensation
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on the attitude error signal will remove the offset, thereby, satisfying Ty
compensation requirements. It was shown that satisfactory control stability
could be attained with proper choice of the integral gain. However, it was
also determined that integral compensation should not be used during coasting
periods in order to avoid deterioration of the cogsting limit cycles.

Integral compensation will provide control of attitude offset errors during
ascent engine burn times, but the T, compensation law also requires control

of the total thrust vector alignment error. The thrust vector must be con-
trolled because thrust vector misalignment with respect to the inertial
reference axes will introduce position and velocity errors into the abort
guidance law. A pendulous accelerometer was selected to provide the necessary
information to control the thrust vector with respect to the reference axes.
To select accelerometer parameters, which will insure control system stability,
a stability analysis was performed on the resultant control system. It was
found that parameters for the accelerometer could be specified which will
provide both satisfactory alignment response and control system stability.

The use of quantized attitude information in place of continuous attitude
information was studied as part of a strap-down guidance feasibility study.
This study showed that for the range of vehicle moments of inertia considered
it is possible to use quantization levels of at least 0.03 degree without a
great penalty in coasting limit cycle propellant consumption, provided that
continuous rate information is used. It was also verified that satisfactory
transient response is obtained when the attitude feedback is quantized.

Analyses were performed to determine control system stability in the presence
of an elastic airframe and propellant sloshing. The analyses verified that
LEM control system is stable for the vehicle and tank configurations con-
sidered., It was also concluded that anti-slosh baffles are necessary in
both ascent and descent tanks to improve transient response damping.

It should be noted that all data presented in this report was generated prior
to June 196kL. ,
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TABIE 1 - 1

Control System Parameters

(1 June 196k)

DESCENT ASCENT UNITS !
PARAMETE L — i
Nominal Value Toler- Nominal Value Toler-
ance ance
+ + . .
Kg 1.5 25% 0.k -5% sec
+ +
Py, p -5% > -5% deg/sec
ar, 10 tS% 10 tS% deg/sec
+
L > -5% > t5% deg/sec
D 0.1 or 5.0 T109 || 0.1 0r 5.0 L109 degrees
S 0.2 L10% -- T10% deg/sec
T 0.1 -- - - sec
Wy 125 To0% 125 Co0% rad/sec
Wy 113 Lo0% 113 fo0% rad/sec
- + +
L 0.7 -0.1 - 0.7 -0.1 -
Sf 0.8 -- 0.8 - -
A 0.1 - 0.1 _- -
By s 10 x 1073 -- 10 x 1073 - sec
Olmin
ey 0.5 -- 0.5 - deg
+
a 0.00 -.01 - -- deg
Dy 0.09 T.o1 .- - deg
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TABIE 1-2
Summary of RCS Propellant Requirements ¥¥
FRH
Limit Cycle Maneuvers
Mission Phase Time Dead Zone Propellant Propellant
(sec) (deg) (1bs) (1bs)
DESCENT -
Separation 78 A .2 5.60 (2)
Orientation and
Insertion Prep. 792 - 2.0 22.7 (8)
Coast to Peri-
eynthion 3600 5.0 .2 8.1 (3)
Automatic
Powered 710 1 39.2 8.1 (2)
ASCENT
Powered 430 i 172.7% 2.3 (2)
Contingency Stay 600 1 15.9 6.8 (20)
Coast 5400 5.0 3.0 1.9 (9)
Rendezvous 847 5.0 .5 —_
600 .1 15.9 —_

* 170# of the 172.7# provides a useful AV = 226 ft/sec, which is equi-
valent to 128# of ascent main tank propellant.

s

*%¥  Manual landing and docking propellant requirements are not included.

**¥%  Number of maneuvers assumed is shown in parentheses.

GRUMMAN AIRCRAFT ENGINEERING CORPORATION
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2,1 PURPOSE OF REPORT

This report presents the results of a series of analyses performed from
January 1963 to June 1964 which have been conducted to enable selection of a
functional configuration for the attitude control portion of the LEM Flight
Control System. These analyses are concerned primarily with the stability
and response of the vehicle in the automatic control modes and with the
compatibility between the automatic and manual modes,and apply to lunar

landing mission.

2.2 CONTROL SYSTEM CONFIGURATTON

The attitude control system accepts attitude and thrust vector commands from
the Navigation and Guidance System (primary or abort), manual commands from
the astronaut and provides the required vehicle control response and stability

The IEM attitude is maintained by the control torque produced from sixteen
reaction jets located on the LEM as shown in Figure 2-1. The attitude control
system generates thrust commands for the reaction jets based upon control
error signals, directs each command to the proper jets, and thereby maintains
attitude control. The jet commands are generated and directed by the control
logic which consists of error dependent pulse modulators and a jet select
logic. For some of the manual modes of control, the astronaut replaces the
modulator and separate jet select logic 1s mede an integral part of the
rotational control stick. During powered descent attitude is maintained in
the pitch and roll axes by the descent engine gimbal trim system.

The attitude control system is functionally depicted by the block diagram in
Figure 1-1.%¥ References 1, 2, 3 and 4 accurately define the Flight Control
System in terms of the overall functional diagram (1)** and the component
specifications (2, 3, 4).

The block diagram in Figure 1-1 presents schematically the IEM attitude con-
trol system and its operating modes and logic inputs. The operating modes
are:

A - Rotational Operating Modes (These modes may be selected independently
for each axis)
1 - Normal (closed loop)

a) Automatic control mode
b) Rate command with attitude hold control mode
¢) Rate command control mode

Note: For either a, b or c, all axes are selected simultaneously.
b and c are manual modes.

5 _ Pulse Mode (open loop) - manual mode which generates a fixed
train of reaction jet thrust pulses. All jets are selected
by Jjet select logic.

¥ See section 1 for list of symbols

*% Numbers in parentheses correspond to reference numbers in Bibliography
(Section 8).

report LED-500-3
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3 - Direct (open lcop) - manual mode which bypasses jet select
legic; 1.e., the control stick is hard wired to RY Jjet
emergency coils and is gated by a jet select logic which is
an integral part of the contrcl stick.

L - Direct Override - four jet direct rctaticn is obtained by
full deflection of control stickar This contrcl mode overrides
normal, pulse and direct mcdes.

B - Translational Cperating Modes - all translation signals pass thru
jet select logic. '

1 ~ Automatic

2 - Manual - a combination pulse and on-off; i.e., a fixed pulse
train is generated for a given range of stick rotation while
on-off control is generated for all larger rotations.

All operating modes are selected manually by the astronaut. The rotational
operating mode select switches (S2, S3, and Sh) select independently for all
three axes the normal, pulse and direct modes. The normal control modes,
automatic, rate command sttitude hold and rate command, are manually selected
simultaneously for all three axes by the attitude mode comtrol switch (S1).
Manual translation commands are selected simultaneously for all axes by the
autcmatic-manual translation switch (S1). The pitch and roll rotation ana

the X axis translation response level @ or 4 jet) are mamally and individually
selected by the astronaut while the deadband (large or small) is selected
manually by 86 for all three axes simultanecusly. The small value of deadbari
is also automatically selected (not shown) for all three axes whenever the
ascent or descent engines are thrusting.

When the control system is put in the automatic (ncrmal) rotational ccontrel
mode (Figureld), attitude errors are generated by the Navigation and Guidarce
System (prime or abort) steering equations; that is the guidance

steering equations must form the error vector

Qe =Q, - 0 (2 - 1)

in its own coordinate system between vehicle attitude and desired attitude.
In order for the control system to properly respcnd to this guldance steering
error,(fl ), a transformation matrix is required to transform Q from guidance
coordina%es into body axes, autopilot commands; i.e. ¢

® = o, | = {MS] 9] (2 - 2)

NS TR reporr LoD-500- )
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This transformation is accomplished by the CDU and IGC on LEM. Therefore,
the total control error becomes

ep = q’b + Pe KR
eq = ©b * % KR (2 - 3)
eérR = ¢b + re Kg

—
In the rate command attitude hold (normal) mode,§23 is maintained at zero by
the Navigation and Guidance System when the control stick is out of detent;
i.e. P, , Op and Wb are zero in equations 2-3. This rapid followup permits
the contxol error for each axis to be dependent solely on the rate commands
and the vehicle body rates. Therefore, equations 2-3 become

ep = Kr(pe - p)
eq = Krlae - @) (2 - &)
€ER = KR(TC - I‘)

However, equations 2-3 still hold when the control stick is in detent. For the
rate command mode equations 2-4 will hold since &b s Op, andlpb are disabled
(Figure 1-1).

The logic equations which state the conditions which cause each of the 16
regetion jets to fire in response to error signals in the flight control
system are discussed in detail in section 4. In a normal mode, the logic
provides optimum control torques and translation forces in response to any
combination of simultaneous rotation and translation commands. The input

to the logic equations is comprised of pitch, yaw and roll rotation command
signals; X, ¥ and % translation commands; an astronaut executed 2 or I Jet
X-axis translation force level selection; astronaut selected 2 or 4 jet pitch
and roll rotation torque levels, and astronaut activated jet failure logic
switches. The Jjet failure logic switches accomplish the dual function of
"RES fuel and oxidizer isolation” and failure logic command. These switches
will automatically change the control logic to take advantage of the remaining
jets for any combination of simultaneous rotation and translation commands.

The rotation torque thrust commands consist of a train of constant amplitude
pulses of varying width and frequency of occurrence, which are produced by
non-linear pulse ratio modulators. In the direct modes of control system
operation the pulse ratio modulator is replaced by & direct on-off signal.
During control system automatic attitude hold operation, the system will 1imit
cycle and the modulators will produce a typical electrical pulse of 10 ms.

geport  LED-500-3 g;‘;‘!ﬂlﬂ!i‘ll!a!
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(10 ms pulse will generate the reaction Jet minimum impulse).

The descent engine gimbal trim system (GTS) is required for thrust vector
control during powered descent because the unbalance torques that can be
generated by a fixed descent engine exceeds the torque capability of the

RCS. However, the GTS will align the descent engine thrust vector so that it
will pass near the vehicle CG and thereby reduce the unbalance torque. The
CTS is Implemented as shown in control system block diagram (Figure 1-1), and
it is enabled only during powered descent phases of the IEM mission. The

GI5 stabilization network shown in Figure 1-1 is mechanized as shown below.

A Cetvailed discussion of the OTS s given in Secticn 5.

Nor Gate

: $Vfor€,>2 _
. Schmitt . -1 Gimbal
En b €a | Trigger Oforea<a o Engine
T 1+ S\(l + _ﬁ)(ju__s_mmm’ (1) > Actuator
g’ 21 05 > Signals
/
Schmitt
. Tr(igier FVfor €,,>2D,
O-FOréN<D'
o
+1
Schmitt
o Trigger
(3) Hfer €,<-D, And Gate
0 for €7D,

GTS Stabilization Network Mechanization

REPORT No. LED-ZC0-3

‘!
GRUMMAN AWORPORAHON DATE 30 Sept. 1064



214992 2POD

vi-¢2-8ud

pace 14

[ §
vimARRIE] Y

2.3 SCOPE

This report has been written in & manner such that each section can be read
without having to read any previous section, thereby permitting the reader

to read only the section that 1s of particular interest to him. A summary

of material covered in each section 1s given below.

Sections 3 and 4 contain the reaction jet control system analyses. In section
3, the selection of a pulse modulator, the vehicle attitude control propellant
requirements and the control system deadzone analysis are considered while
various reaction jet select logic schemes are presented in section Lk, Section
5 presents various methods of thrust vector control for powered phases of

the IEM mission. The descent engine gimbal trim system is discussed in great
detail in this section.

The attitude control system stability in the presence of guidance feedback 1is
considered in section 6 while section T presents the effects of propellant
sloshing and elastic airframe on control system stability.
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Subscript 1t Positive Rotation or Translation
Subscript 2: Negative Rotatiom or Treanslation

74 Fuel System "A"

é Fuel System "B".

FPigure °-1
RC8 JET THRUSTER CONFIGURATION
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SECTION 3

REACTION JET CONTROL SYSTEM ANALYSIS
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SYMBOLS USED IN SECTION 3

Definition

induced rate modulator output level
duty factor

modulator input signal

thrust per reaction jet

modulator pulse repetition frequency

hysteresis
vehicle moment of 1lnertia
specific impulse

reaction jet total impulse

induced rate modulator feedback gain
attitude feedback gain

rate feedback gain

reaction jet moment arm
control moment

unbalance moment

Pulse Frequency Modulator
Pulge Ratio Modulator
Pulse Width Modulator
electrical pulse width

electrical off time
time to next pulse

thrust on time

normalized error signal
vehicle acceleration

vehicle control acceleration
vehicle unbalance acceleration
rate gyro damping ratio
vehicle attitude

attitude command

average vehicle attitude

angle vehicle coastsin normal limit cycle

peak to peak attitude excursion

vehicle body rate

reporT IED-500-3 oud - “INL
oATE 30 Sept-F‘ ENTHAR
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Units

rad.
1bs.
pulses/sec

rad.
slug-ft
sec.

1b.-sec.

rad./sec.
sec.

ft.
ft . -le .

ft.-1bs.

sec.
sec.
sec.

sec.

rad/sec2
rad/sec
rad/sec

rad.
rad.

rad.
rad.

rad.

rad/sec
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SYMBOLS USED IN SECTION 3 (Contirued)

Symbol Definition Units
6, normal 1limit cycle coasting rate (residual rate) rad/sec
eB rate gyro bias rad/sec
) rate command rad/sec
6ra rate gyro deadzone rad/sec
6,1, rate limit rad/sec
eosc pop peak to peak rate oscillation rad/sec
X PRM nonlinearity factor
Tp modulator integrating time for first pulse sec,
Ton thrust "cn delay" sec,
ot thrust "off delay" sec.
Tn rate gyro delay sec,
I
Ty induced rate modulator feedback time constant sec.
Q deadzone on total vehicle error rad.
S% deadzone on attitude error rad.
w propellant 1bs.
w Propellant flow rate lbs/sec
W rate gyro natural frequency rad/sec

) REPORT LED-SOO;3 -
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3.1 Introduction

1EM attitude control is maintained by the control torque produced from gix-
teen one-hundred pound reaction jets located on LEM as shown in Figure 2-1.
Four reaction jets will be available for rotation about each axis provided
the astronaut activates the appropriate 2-4 jet switches. However, two Jjet
control will be considered normal for all rotations in the analyses.. Error
dependent modulators, which will yield the desired attitude and attitude
rates throughout the LEM mission, are required to control the jets in con-
junction with an appropriate jet select logic.

To insure that the best modulator or combination of modulators is selected
to control LEM attitude for disturbed limit cycle operation, normal limit
cycle operation and rotational maneuvers, it was necessary to study many
types of modulators. Each modulator was studied with respect to the follow-

ing:

a) Normal (undisturbed) limit cycle rates, attitude excursions, and
propellant flow rate. Also considered was the value of rate gyro .
deadzone which can be tolerated without deteriorating the limit
cycle.,

b) Moment unbalance (disturbed) limit cycle peak to peak (P-P) rate
changes, P-P attitude changes, average attitude offset and pro-
pellant requirements.

c¢) Transient response to large rate and attitude commands.

Both analytical and simulation results of the modulators studied will be
presented in the following sections.

Aside from the modulator study the control system attitude deadband con-
straints and mission propellant requirements were also considered. A rigid
body, single axis rotation, with all cross-coupling terms neglected was
assumed for the LEM for the purposes of studying the above and evaluating
the various modulators to be considered, Also, the effects of the rate gyro
dynamics, reaction jet thrust "on® and "off" delays, reaction jet specific
impulse variation and vehicle moment of inertia variations on limit cycle
operation are considered.

The reaction jet select logic techniques are discussed in detail in sec-
tion L.

3.2 Propellant Flow Rate

3.2.1 Introduction It is a prime consideration from a weight point of view
to minimize reaction jet propellant flow rates for normal limit cycle,
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disturbed limit cycle and maneuvers, In this section the relations for pro-
pellant flow rate for the above and the criteria for minimizing propellant
flow rate are determined.

3.2.2 Normal Limit Cycle Propellant Flow Rate

Propellant flow rate for normal limit cycle (2 jets) is given by (5)

¥

4 R
w=%- D (3-1)
sp
where w - propellant flow rate -1bs/sec
I - thrust per reaction jet -1bs
- specific impulse -sec

I
R duty factor
Duty factor (D) is defined as the ratio of electrical pulse width and the sum

of electrical pulse width (t ) and electrical off-time (to ).
Isp variation as a function “% of electrical pulse width 18 shown in Figure 3-1.

Assuming a symmetrical limit cycle as shown in Figure 3-2 we have
t

D =—Oon_ (3-2)
t + t .
on of {
t = (%, - + {t, - -
where off ( 1 to) (tLL t3) (3-3)
o %R(ag
6, =0 - —-—2———1 (3-4)
AB
=0 - - = -
9, (K- 1) = (3-5)
- = n -
b=t =2 (3 + 62) /b8 (3-6)
t)_’. - t3 = ﬁ[‘)ff, tg - 'Ll = TOl’l (3'7)
. IL
ot [Py L) .,
AQ =2 foon{j T .[dt =2 (3-8)
where F(t) - reaction jet thrust as a funchion of time  -1bs..
L - reaction Jet moment arm -ft.
I - vehicle moment of inertia -slug-f't
I - reaction jet total impulse -1b.sec.
'%n - Jet on delay
Tre - jet off delay
Substituting (3-2) thru (3-8) into (3-1) we get
Ispuuo:u QITL (ton+~,—off+»ron - EKQ_
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Figure 3-2 - Symmetrical Limit Cycle
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Isp b Q<o 0 (ton * Toff * Ton - 2KR)

(3-10)

Isp and IT versus electrical pulse width are plotted in Figures 3-1 and 3-3a

respectively.

From equation (3-9) it can be seen that if t n is minimized limit cycle pro-
0

pellant flow rate will be minimized; i.e., a minimum total impulse limit
cycle yields the minimum propellant usage limit cycle (See Figure 3-3b).

3.2.3 Disturbed Limit Cycle Propellant Flow Rate - Propellant flow rate for
limit cycle in the presence of a large disturbance is obtained from Figure 3=k,

and is given by the following 1 T
M % ( ont_gg?)‘ o Mu‘]

. ul [1 +
=
w==Z ( , (8 ] (3-11)
I L M
Sp | c|
where Mu - moment unbalance-ft-1lbs
MC - control moment -~-ft-1lbs

Equation (3-11) is obtained by substituting

t
on
ton * toff

D =

into equation (3-1) where

Ton ~ Tofr (3-12)

off ~ (M ‘ Toff Ton (3—13)

where T__ and Topp 3FC defined in Figure 3-4. However, since Toffsron’

equation (3—5) can be written as follows:

(.IJN éF_— -l_MU-_“L (3—]_]_a>

I ‘ Mc l

sp
From equation (3-11), it can be seen that propellant flow rate can be mini-
mized only by maximizing I__. I can be maximized by making t as large
as possible. However, t Spcanngg be arbitrarily increased singg its value
(i.e. (AB) ) must be cona¥stent with modulator switch lines as will be dis-
cussed in a following section.

3.2.4 Propellant Required for Large Maneuvers - Propellant required to com-
plete each large maneuver is
n t,
w=F T P (3-14)
J=1 SPy
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(16).

where t, = {’ﬁ”—g’ " Ton ] (3-15)

Sole]

) . .th .

and (Ag)j— is j- vehicle rate change -rad/sec

6 - vehicle angular acceleration - -rad/sec

.th . .
g - J electrical on time -sec,

A is determined by vehicle inertias and is not controllgble. Therefore, to
minimize propellant consumed by rotational maneuvers A A must be limited to
a small value ( eRL) consistent with allowable time for completion of man-
euvers.,

3.2.5 Summary - From the preceding, it is evident that to minimize propell-
ant requirements for the LEM mission the following criteria must be satisfied:

a) mwinimum impulse normal limit cycle must be generated by the error
dependent modulators

b) for disturbed limit cycle t 0 must be as large as possible and still
yieldalimit cycle consisten® with the modulator switch line charac-
teristics.

c) must be as small as possible for large maneuvers and still permit
maiteuvers to be completed in allotted time.

3.3 MODULATOR STUDY

3.3.1 Introduction To select a suitable modulator for the LEM attitude con-
trol system the single axis control loop shown in Figure 3-5 was assumed to
determine limit cycle performance and transient response characteristics of
the control system for each modulator. The modulators which were evaluated
are:

a) On-off modulator
b) Induced rate modulator

c) Pulse modulators

3.3.2 On-off Coptrol - For on-off control the modulator in the RCS control
loop is replaced by the relay characteristic shown in Figure 3-6a. The limit
cycle characteristics for this modulator are determined entirely by the phase
plane "jet-on" and "jet-off" switch lines for disturbed and undisturbed limit
cycles. The equations defining the Jet switech lines include the effects of
rate gyro dynamics which are represented as a pure delay (Figure 3—7) and
thrust function characteristics (Figure 3-8). For normal (undisturbed) limit
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cycle the switch line eqﬁations can be obtained from Figure 3-3. They are:

On Switch Lines - Normal Limit Cycle

~ "‘e%g%%%¥é LAt .

Electrical KRé +K,8=20C 7 (3-16)
Actual (KR- Kq "on) é + Kp p=L0 (3-17)
Off Switch Lines - Normal Limit Cycle

Electrical KRé + Ky 8=,nh ve KT 2 E (3-18)
Actual (K - Ky Tops) + KeKe S ??h + /A (3-19)
where A=K (T + T.) - off (3-20)

From equations 3-17, 3-19 and 3-20 it can be seer, that for normal 1limit
cycle on-off control, the following are true:

2)

= 0 - system is unstable since slope of "on'" and "off" switch
13nes are positive and equal to l/T and l/T op respectively.

= 0 algo clearly shows the destagglizing e%gects of forward
1oop delays.

KE =K. 7T n and KR =K. T £ define the infinite slope values for
the ac@uaf on and off gwi%cg lines respectively. KR must be greater
than K. 7 and K, T for stability.

p on g off

"A"  gefines the change in location of the "off" switch line
(equation_3-l9) due to changes in TO £’ T s KR and vehicle accel-
eration (8). Figures 3-9, 3-10 and ££11 Ghow’the effect of

variation on "off" switch line location. It can be seen from the
figures that as increases (A increases also) both coasting

rate and attitude excursions decrease. As K (A) is increased
further a point will be reached where thrusting will be continuous
(first positive torque and then negative torque). The value of KR

for continuous operation is given by the following equation
21 QL KG Toffg 1
+ (3-21)
2 1 T + T
of f

KRC=[191 S

which is obtained by equating equations 3-17 and 3-19Mfor plus
and minus {1 respectively. T
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From the above it is apparent that must be chosen greater than XK. T (T is
T or Toff’ whichever is larger) but less than the value given by equation

3?%1; That is
max (Ke Ton,Ke Toff) <% < KRC (3-22)

The only remaining quantity of interest for normal limit cycle operation is
propellant flow rate (aﬂ. It is desired to minimize ¢y for the LEM mission.
From equation 3-10 .

T _Pona s ]

hasa e (tonJr Ton+ Torf ~ 2 Kﬁ)

w= =
sP
but ton = ? g' *Ton = Torr (3-23)
_F A B [é 6+ fél (Ton - Tpff) ] ol
@ i TaTEr BB 2T b KRFT] (3-24)
" _2F T A6 A6+ 18] (Ton - Tore) o,
or ) Isp [ ” |§|92 T 18)2 ] (3-2ka)

From figures 3-9, 3-10 and 3-11 it can be seen that equation (3-24a) is not

minimized for the minimum value of A@ obtained by varying sinece Op (Fig-
ure 3-2) decreases as Kp increases, It can therefore be concluded that the
Kg required for w . and 8 . for a particular value of 6 will not agree,

and that Kﬁ must be selected to yield uﬁin or emin for various mission phases.
For disturbed (moment unbalance) limit cycle operation,the switch lines are:

On Switch Lines - Disturbed Limit Cycle

Electrical KR é + Ke-e v+ E TG KR | (3-28)
. .- K, 2
Actual (KR ) KS Ton) o+ KB S -ra+9 [KR (Ton * TG) -2 gn ]
(3-29)

Off Switch Lines - Disturbed Limit Cycle

Electrical KR8+ Ky 8 =x0%h+0K T, (3-18)

Actual (KR - Ke Toff) 0 + Ke B =+Q+h + 9[(Toff+ TG)KR— KéToffEJ
2
(3-30)
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From equations 3-29 and 3-30 the following can be seen:

a) KR = 0 — system is unstable since slope of "on" and "off" switch

lines is positive.

b) K must be greater than Ky T . and Ky T o0 to insure stability;
> T T .
i.e., K > max (Ke on’ 5o off)

c) Jet on time incr;ases with an increase in any or all delays
T T 3 i .
( on’ Toff’ and T,) for = fixed Ky

d) Location of switch lines varies with © and is therefore deperndent
upon vehicle inertias, cor.brol moment and unbalance moment.

e) For fixed values of Ky, Tos T pn T and © the disturbed limit
cycle is plotted in Flgurgs 3912, %ilB and 3-14 for varigqus values
of . From the figures it can be seen that KR effects Ogge p-p
only 'slightly but has a marked effect on Opy.

From equation 3-lla we have

o 2 | 1

2
I M

sp c
for a disturbed limit cycle. As was discussed previously the only quantity
in the above equation that can change {o is the specific impulse (1 ) since
all other quantities are fixed. Therefore, it is obvious that a l8rge on-
time is desirable to minimize propellant flow rate, but the on-time for
Ton-of £ moment unbalance control is solely detsrmined by the relay hyster-
esis and vehicle parameters (Ton’ Toff’ Ts‘and Y) and cannot be controlled.

The switch lines for transient response are given by equations 3-16 thru 3-20.

However, since the LEM body rates will be limited, an additional switch line
must be considered. The switch line is an "off" line defined by the follow-

int equation

Electrical 6 = i-éL i_lé\TG (3-31)
Actual 8 =28 x|8f (T cr*+Tg) (3-32)

Typical large transient trajectories are shown in Figures 3-15,3—16 and 3-17.
It is apparent from the figures that a large KR is desirable for good trans-
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ient response and that actual rate limit will vary with vehicle inertia (5).

The total propellant required for a transient maneuver is given by equation
3-14 which is

n
w=2F %

j=1 5p.
J PJ

An example is given in Figure 3-17.

e

If a rate gyro deadzone (Figure 3-18) is considered a value must be selected
for the deadzone such that the limit cycle is undisturbed or an increase in
propellant consumption will arise. The permissible rate gyro deadgzone for
the on-off modulator is given by the following equation

S [h " O K (Tope? 7o) Toff2/2]“(
o - - i
RG = Kp Ton™ Torf -

(3-33)

where K = 1 and K, must be less than KRC (equation 3-21),

3.3.3 Induced Rate Modulator From equation 3-10 it is obvious that propellant
consumption during normal limit cycle operation will be minimized if the
quantity t n AB is minimized. This can be accomplished by genergting a mini-
mum Impuls€ 1limit cycle which will yvield the smallest possible A8 and t

. . on
possible for a particular value of KR'

The "Induced Rate" modulator is such a device. A minimum impulse is gener-
ated for slowly varying signals by the addition of a feedback network

K/(s + 1/7,) to the "on-off" relay characteristic as shown in Figure 3-6€b.

The impulse width (on time) generated is dependent upon Kﬂ&,h,e, KR and T;n'
Because of the pulse width dependence upon 8 the minimum electrical pulse
generated during normal limit cycle by this device will vary with vehicle in-
ertia. Therefore, K must be varied during the LEM mission to compensate for
inertia changes to achieve minimum impulse limit cycle throughout the mission.

When the modulat.r error(e) exceeds AKT. a continuous thrusting condition
will occur. However, for <e S.A,KjTL the pulse width generated will vary
from a minimum pulse to a continuous thrusting pulse dependent upon the mag-
nitude of e. This modulator will give the same results as the "on-off"
modulator for large transients and moment unbalances since the error magnitude
will exceed the feedback network output in these cases,

The permissible rate gyro deadzone for the "Induced Rate" modulator was not
evaluated, However, it can be seen from Figure 3-19 that the time to tra-
verse AB after the thrust pulse must be less than the time it takes for the
induced rate network output (el) to reach a level such that Q < e - e,. The
largest vehicle inertia will present the most stringent requirement on the
rate gyro deadzone.
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3.3.4 Pulse Modulators All remaining modulators of interest are of the
pulse modulation type which convert the input error signal into a fixed
amplitude pulse train output. The pulse modulators considered are:

a) modified on-off

b) Pulse Frequency Modulator (PFM)
¢) Pulse Width Modulator (DWM)

d) Pulse Ratio Modulator (PRM)

e) mnon-linear PRM

f)} piecewise-linear PRM

Fach of the above modulators have the capability of generating a minimum im-
pulse for normal limit cycle operation independent of wvehicle inertia, and
thereby will yield a minimum Propellant limit cycle., However, the modulators
can be constructed as a pulse on demand modulator (first pulse is generated
as soon as "electrical on" switch line is crossed) or delay modulator (first
pulse is generated a definite time after "electrical on" switch line is
crossed). The minimum impulse limit cycle is generated by all demand pulse
modulators. Only the PFM and the modified on-off vield minimum impulse

limit cycle for both demand and delay type modulators.

The functioning of each pulse modulator is discussed below:

3.3.4.1 Modified on-off The characteristics of the modified on-off modulator
are shown in Figure 3-20. From the figure it can be seen that this modu-
lator generates a pulse train with constant pulse repetition frequency and
pulse width for all errors less than e. . The pulse width (t ) should be seth
equal to ton . (pulse width that generates minimum impulse)oguch that mini-

min
mum propellant limit cycle is generated. All errors greater than el cause
continuous thrusting.

Phase plane thresholds (clectrical switch lines) are shown in Figure 3-26.
They sre described by

Kg8 + K8 = + 0 (3-34)

"

+ e

3 4 k.0 N -
K8+ KO =re 10 , (3-35)
in the absence of acceleration, and
KRB + Kee

K8 + K = +e +0+8K T, (3-37)

Q48 (K T, (3-36)

[
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in the presence of acceleration.

To insure a one pulse limit cycle the following relationship (assuming no rate
gyro deadzone) should be satisfied

T
o, O [T+ T ept L (3-38)
KR>3 +eww[ of f £

Equation 3-38 is sufficient but not necessary to guarantee a one pulse limit
cycle and 1is obtained from Figure 3-27 by solving for y < ¢ T&. The limit
cycle propellant flow rate is given by equation 3-9 where

ton = T ™ Ton ~ Tofr

If t is selected to be t the minimum impulse limit cycle will be ob-
tainéd. Ofmin

For large moment unbalances and rotational commands the modified on-off modu-
lator functions as the on-off modulator. However, the rate gyro deadzone re-
quirement is different for the modified on-off modulator. The permissible
rate gyro deadzone for the modified on-off modulator is derived from Figure 3-19
where t .must be less than T +to insure that normal 1imit cycle is not changed.
The equ £ions defining TP an8 tpg are (6): .

: ).

¢ TW/2 * % L+ Ton/Tw ' Tpmax/T ] (3-39)
- _

t . =T - T >
A® w | «T +6 I
W o
1
= em— - -

o= T " Ton (3-10)
where is worst delay due to modulator characteristics (Tpmax = 0 for

max . ) ..
demand type modulator). 60 =8 and o = 6 . will be the worst case to con-

m
sider. Equations 3-39 and 3-40 are plotted in Figure 3-28 for this case.

3.3.4.2 Pulse Freguency Modulater QPFM) The characteristics of the PFM are
shown in Figure 3-21. As can be gseen from the characteristic curves, the PFM
varies pulse repetition frequency while maintaining a constant pulse width

as a function of error magnitude. Also shown is the linear duty factor var-
jation as a function of error. The phase plane boundaries are shown in Fig-
ure 3-26.

As for the modified on-off modulator should satisfy the relationship of
equation 3-38 to guarantee a one pulse limit cycle. Therefore, if t n is
gelected equal to to . a minimum impulse limit cycle and therefcre minimum

.. min,
propellant limit cycle will be generated by the PFM. However, propellant
consumption for 1limit cycle in the presence of a large moment unbalance will
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Figure 3-20 - Modified on-off Modulator Characteristics
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be excessively large. This is due to the fact that ton is fixed at t

min
which yields the smallest I value and therefore the largest propellant
consumption rate (see equatf n 3-11a)e

Response to large rotational commands will be similar to that of the on-off
modulator,

The permissible rate gyro deadzone is again determined from Figure 3-19
where tAe< Tp Lo insure that normal limit cycle is not changed, The PFM

equations for t . and TP are (6):

48 g
* /2" fo B Tanym, Ty (3-41)

T = r v L ] [—l + 1+ 2191‘ ]2]

Pt ey K. [(8,-8) + ¢
1 T RVL 1/K, (3-L2)
where T =% - + 7 and K. and f. are defined in Figure 3-21.
w on “on off f i 1 .
Equations (3-41) and(3-42) are plotted in Figure 3-29 for o = emin'

3.3.4.3 Pulse Width Modulator (PWM) - The PWM characteristics are shown in
Figure 3-22. From the curves it can be seen that the PWM generates pulses of
varying width with a constant pulse repetition frequency as a function of
error signal. Also shown is the linear duty factor variation as a function
of error signal. The phase plane boundaries are the same ag for the PFM
(Figure 3-26).

If the PWM is of the "pulse on demand" type t " will equal tonmin to yield
a minimum propellant limit cycle. However, i#the PUM is of the "delay" type
t o #F toy n and the minimum propellant limitcycle cannotbe obtained, But can be

aggroachegllf el is made very large (decrease PWM gain). The value of Kh

selected for normal limit cycle should satisfy equation 3-38 to guarantee
one pulse limit cycle.

Both "delay"™ and "demand" type PWM will yield good propellant consumption
rates for large moment unbalances since f can be chosen to yield large pulse
widths and therefore large I _ values. Response to large rotational commands
will be similar to “on-off"™ fBdulator for the large values of modulator gain
being considered (small el).

As with the PFM tae and Tp will determine the permissible rate gyro deadzone.

That i " . - .
at is, A6 < Tp to insure a normal limit cycle, The equations for tAG and

GRUMMAN ATRCRAFT ENGINEERING CORPORATION
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T.. for the demand PWM are given by the following (6):

1Y
1 .
TP _f— - tOl’l (3-)43)

Ty + 8o (1 Ton/z, * To/m,) | (3-hk)

t g =Ty .
X Ty + @O‘

The above equations are plotted in Figure 3-28. The permissible rate gyro
deadzone was not evaluated for the delay type PWM.

3.3.4.4 Pulse Ratio Modulation (PRM)  The PRM varies both pulse width and
pulse repetition frequency as a function of error signal. Duty factor, pulse
width and pulse frequency static characteristics as & function of error are
plotted in Figure 3-23. The dynamic equations used to determine pulse width
and frequency of the PRM (3) for varying error signals are:

t

tonpin =J[o°n (1-x) dat ; x = £(t) (3-45)
Tp

tomin = ft < ab (3-16)
on

where x is the normalized error signal. See Figure 3-26 for the phase plane
boundaries.

A "demand" PRM will satisfy equation 3-45 first whenever the FPRM threshold is
crossed; i.e., the "demand" PRM starts delivering a pulse as soon as x exceeds
zero. Upon satisfying 3-45, 3.46 will be satisfied to determine Tp using
previous ton @s lower 1imit on the integral. However, if during tﬁe

of T., the PRM input is reduced to zero the PEM will reset in order that 3-45
will be satisfied when input exceeds zero again; but, if the input is reduced
to zero while 3-45 is being satisfied, the PRM stops delivering the pulse
(top cannot be less than tonmin) and resets to satisfy 3-45 when x exceeds
zero again.

The "delay" PRM operates on a continuous clock basis; i.e., it does not reset
either top O Tp integrals when X is z€ro. The delay PRM solves equation 3-46
when x exceeds zerc using the previous value of ton for the lower limit on the
integral. Upon satisfying 3-46, 3-45 is satisfied to determine top. When x
{s reduced to zero while satisfying 3-45 the PRM will stop delivering a pulse
(ton cannot be less than ton; ) and will satisfy 3-46 when x exceeds zero
again. If 3-46 is being satTiPied when x is reduced to zero, 3-46 will be
completed when X exceeds zero again; i.e., off time is accurulated until

3-L6 is satisfied.

As for the "demand" PWM, a pulse on "demand" PRM will generate a
minimum propellant limit cycle since ton Will equal ton ;.- The "delay" type
PRM unlike the delay PWM will generate a near minimum propellant limit cycle
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Figure 3-22 - DPWM Characteristics

Hy

B~
SF
Error - e- rad.
I
I
|
|
I
|
|
| — -
63‘
Error - e - rad.
| e e e e e e e
|
I
I
|
|
' -
e

Error - e- rad.

FORM G328 §5-63 (ENG 23, ENG 24

GRUMMAN AIRCRAFT ENGINEERING CORPORATION

report Lt D-500-3
pate 30 Sept. 1964
CODE 26512



PaGE 52

Pulse Repetition Frequency
f - PPS

Electrical Pulse Width
- sec.

Figure 3-23 -

k

PRM Characteristics

e/2 e,

Error - €= rad.

G /2 €,

Error - e - rad.

- |

5 /- — -

is)

]

)

o

FE]

9

=

e

B l

d { —p>
e]
Error - ¢ - rad.
£ORM G328 5.6 [ENG 23 ENG 26) . . ',\ peporr LED=500-3

L
GRUMMAN AIRCRAFT ENGINEERING COR

PORATION

pate 30 Sept. 1964
CODE 26512

C



PAGE 53

-~ »
Figure 3-24 - Piecewise Linear PRM Characteristics
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Figure 3-25 - Non-Linear PRM Characteristics
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Figure 3-26 - Phase Plane Thresholds For Pulse Modulators
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Figure 3-27 - Limit Cycle Characteristics for Determining One
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Figure 3-31 - Moment Unbalance Limit Cycle Characteristics
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tezgluse ton = tgopn 5 due to the pilse width charscteristic of the PRM (Figure
3-23) . However, 1% is this same pulse width characterisztic thet caises pOOT
rripellant flow rates for moment unbalance control when M;< 0.5 Ms. This is
due to the smsll values of Igp caused by the small pulse widths, EFor Ma =
CoZ Mc3 ton = 2top,;,)e For M;> 0.5 M, the pulse width increases rapidly
sad better Igp values are obtained.

Fespcnee to large rotational commands of the PRM is, a8 for all other pulse
odulators, similar 4o that of the on-off modulator.

=

“he permissible rste gvro deadzone for a pulse on "demand” PRM was determined
ty ligi*al technigues (€) to be 0.05 deg/sec. for the IFM. A typicsl limit
“y~le with Kr = 0 is shown in Figure 3-30. A permissible rate gyro desd-
zcne has anct been evaluagted for the "delay" PRM.

7> Non Tinesr TRM  In order to improve the FRM moment unbslsnce limit
Tropelisnt flcw*rate, its static pulse repetition frequenzy chara:-
wizs are modified 4o yield a2 nonlinesr PRM as shown in Pigure 3-25.
fown ave the statiz dubty factor and pulse width characteristics of

“he ncoalinear FRM. I+ should be noted that the pulse width characteristics
sre un-hanged. The integrsl equations for the nonlinear PRM are:

ton

tonmin fo (1-x) at; x = £(t) (3-47)
“p

tongi, ft Axat (3-48)
on

For detreasing values of the non-linesrity factor (,l) larger pulse widths
will be required to control a given moment unbalsnce., Therefore, large
values of Igp and lower propellant flow rates will be obtained slong with

& lower pilse reretition frequency by use of non-linesr PRM for large moment
unbalanze control, However, an increased average sttitude offset will hsve
Lo be tolersted; bub normal limit cycle operaticn will not be changed bty
introdusing )k due to the modulator pulse width characteristins.

As with the other pulse modulators response to large rotational commsnds
wiil be similaxr to that of the “on-off" modulator.

2,2.h.6 Piecewise-linear PRM The characteristics of the piecewise.linesr
PRM are shown in Figure 3-2L, It can be seen from the characteristic curves
that, for e € ep this modulator is s PFM and for ep < e < ey it is & IWM,
Therefore, its normsl limit cycle operastion is identicsl 4o tha* of the TFM
snd its large moment unbslance limit cycle operastion is that of PWM. Also,
the piecewise-linear PRM permissible rate gyro desdzone is identical tc that
of & FEM.

3.3.4.7 General Other than the characteristics diszussed for es-h pulse
mcdulator in Eﬁg‘preceding sections, there gre several chsaracteristics whi-h-
sre common to all "delsy" and/or "demsnd" modulstors. These commen chsrase
teristics are discussed below:

reporr  LED-500-3
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a)

b)

Y"Demand" type pulise modulateors will yield switch line limit
cycles for small moment urbalances (on the order of 100 ft-1bs)
as shown in Figure 3-31b. For this type of limit cycle

ton = tongin and therefore wastes propellant and should be
avoided if possible. From Figure 3-32 it can be seen that if

. . _ ' .
Oy - @x<|Mc| - |, | (tongiq = Tom * Torg) =86

a switch line 1limit cyzle wiil be generated Ly the control system.

Q. and O are given by the following equations:
X y g €9

© .
I

¥ Cxu (76n + TEQ + éo

lr_ »
. o
Oy KRO(T{- 1+ _\/1 A }
e

where

¢ = ot (Tom + Te) + 20X el (Ton +Ta) + Oc _ﬂ]-[eo«»uu(ron

il

iR

1}

C%T Xy * e

1

oy Mu/I

(M - My) /T

1l

Xe

From the above equations the value of M, which 1s the boundary

between & limit cycle on the switch line or in the medulatlon region

can be determined.

"Delay" pulse modulators tend %o alleviate The switch 1ine moment

unbalance protlem for small moment unbalances because equation
3-50 increases; 1.e.

y =Xy (Ton + To * Tp) + Sc

where ’Tp is the integrating delay of +he mcdulator.

A1l pulse modulators give good transient response for attitude

commands less than one degree with the high gain iinear mod-.la -
tors yielding the best respoinse.
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d) TFor large moment unbalances the WM and PRM will deliver in-
creasingly larger pulse widths, Kr must be selected in order
that the limit cycle shown in Figure 3-31 ¢ or d does not oceur
for the range of moment unbalances expected for IEM in crder that
RCS propellant is not wasted by thrusting in such a way that the
control acceleration adds to the moment unbalance geceleration.

e) "Demand" pulse modulators are susceptable to noise and will
therefore generate extrancous pulses while "delay" pulse modu-
lators serve as noise filters and therefore will not generate
extraneous pulses during normal limit cycle,

f) All pulse modulators will generate a wandering limit cycle (8)
as shown in Figure 3-33. This phenomena will ccour because of
different moments generated for plus and minus rotations.

3.% Simiation Results

3.4.1 Introduction The results to be presented in this section were obtained
from toth snalog and digital computer simulations. An analog simulation of the
single axis control system (Figure 3-5) was used to study the following:

a) On-off modulator

b) Induced-rate modulator
c) Piecewise-linear PRM
d) PwM

A digital simulation of the control system (Figure 3-5) was used to study
the following: ’

s) PRM
b) Non-linear PRM

Io facilitate the presentation of the simulation data the IEM control require-
ments will be separated into the following:

&) 1limit cycle operation
b) limit cycle operation with moment unbalance applied
c) response to large errors

3.4,2 Limit Cycle To investigate limit cycle operation, in the absence of
disturbance moments, the following modulators were used:

&) on-off modulator

b) induced rate modulator

REPORT IHD-500-3"
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¢) piecewise-linear PRM (delay type)

d) PWM (delay type)

Plots of KR vs. éA and the parameters assumed are shown in Figures 3-34, 3-35,
and 3-36 for the on-off, pulse width and piecewise-linear PRM respectively.
From these figures, it 1s apparent that only the piecewise-linear PRM is not
heavily dependent upon Ky for the minimum value of éA- I+ is also evident
that the piecewise-linear PRM generates the minimum impulse limit cycle.

The PFM, PRM, non-linear PREM, modified on-off modulaters and demand FWM

will also display an independence to Kg variation with respect to éA.

The induced rate modulator was simulated with Z'ZroQ , and it was verified
that with the proper value of X for each inertia a minimum impulse limit
cycle will be generated.

Although @A is independent of Kg for pulse moduliators, D is not, due to depen-
dence of 9, ., On KR, as can be seen from Figure 3-37 and it will therefore be
necessary to vary Kr for 211 modulators during the LEM mission. However, only
two values of Ky appear to be necessary (one value for ascent and one value
for descent) for the pulse modulators while many would have to be required for
the on-off modulator (induced rate modulatcr alsc requires many K changes) .

From the preceding, it is obvious that a pulse mocdulator, other than the delay
PWM, should be used for 1limit cycle control because:

a) a pulse modulator provides minimum Or near minimum impulse limit
cycle and therefore minimm propeliznt for any value of Kr chosen.

b) only twc values of Ky will be required for the IEM mission assuming
mass properties in Table 3-1.

¢) a pulse modulator yields minimum possible values of éA and will
therefore satisfy the desired maximam rate for docking {9) that

6 = EéA < 0.5 deg/sec.

3.4.3 Disturbed Limit Cycle To study limit ~ycle operation in the presence
of moment unbalances, the following modulators were used:

a) on-off modulator

b) induced rate modulator
c) PwM

d) piecewise-linear PRM
e) PRM

f) non-linear PRM
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Disturbed limit cycle characteristics are defined in Figure 3-32 (only desired
and switch line limit cycles were obtained). Plots of My versus these quanti-
ties are shown in Figures 3-38, 3-39 and 3-L0 while M, versus W is plotted

in Figure 3-41 (for all modulators listed above). The parameters used for the
modulators are tabulated in Table 3-2,

It is evident from Figure 3-41 that a non-linear PRM ( A~= 0.1) or a PWM
should be used to control large moment unbalances during powered ascent to
minimize propellant consumption. A delay type PWM or a delay type non-linear
PRM will yield improved limit cycle operation for 25 < M,; = 100 as can be seen
from the delay PWM and )~: O.1 non-linear demand PRM curves for My vs. W in
Figure 3-41. The delay non-linear PRM improvement can be seen by extending
the curve on the right of My = 100 to the curve to the left of My = 100 as
shown in the Figure 3-41. It can be seen from this dashed curve that the
delay non-linear PRM ( ;k= 0.1) will yield the smallest prcpellant requirements

To obtain the small values of propellant flow rate, obtained by selecting the
non-linear PRM, larger values of Opy, ©,gr and 655, for My = 100 ft- # must
be tolerated. However, the guidance system can compensate for these quantitied

3.k.4 Response to Iarge Errors As can be seen from Figures 3-42, 3-L3, 3-Lb,
and 3-45, there is little difference in the response of on-off or pulse modu-
lator control systems. However, the effect of KR on overshoot and therefore
propellant consumption is quite evident. Also, it is evident that the non-
linear PRM gives better response than the "on-off" modulator due to its region
of varying pulses.

3.4.5 Conclusion It can be concluded from the discussion presented in
section 3.3 and the simulation results presented in this section that PRM or
non-linear PRM provide suitable overall control system operation. However,
PRM is desirable for normal operation because of its higher gain and therefore
better response to small attitude commands, and "delay" non-linear PRM is
desired to control moment unbalance during powered ascent. Therefore, a non-
linear "delay" PRM with the capability of varying ,l such that ;k= 1 (PRM)
and ) = 1 (non-linear PRM) would be ideal since it would yield the best
overall attitude control system. However, a fixed non-linear "delay" PRM
witthg< 1 is recommended for use in the LEM control system because it yields
satisfactory overall system response and presents a simpler system since
switching of )\ will not be required.

The number of thruster operations during the IFM mission is also of interest

in selecting the type of PRM to be used in the attitude control system. From
a reliability point of view, it is desirable to minimize the number of thrustex
operations required. Moment unbalance operation is the condition of interest
here since there is no appreciable difference between linear and non-linesar
PRM with respect to ‘the number of thruster operations for normal limit cycle
and large transient response operatioh. As can be seen from Figure 3-&6, the
moment unbalance limit cycle period decreases (frequency increases) for all
modulators as moment unbalance increases; i.e., the number of thruster opera-
tions increases with increasing moment unbalance. From the curves plotted in
Figure 3-L6, it is apparent that the "delay" PRM ( A= 0,1) will yield the
least number of thruster operations. Also notice that(l)(:lf/ton (Figures 3.4
3-46 and 3-1); i.e., high frequency moment unbalance limit cycle yields small

e 0 onCONFIDENTIAR =
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TABLE 3-1

MASS PROPERTY HISTORY

Weight Center of Gravity| Moments of Inertia
Migsion Phase Earth Lbs L
sta { in | in Slug - ft<
I I I
X Y 7, XX vy zZ
Start of Separation 29,870 190 |-0.4]0.1 |20,455 | 22,31k | 21,905
Start of Powered Descent| 29,458 190 |-0.4{0.1 | 20,173 | 22,006 21,662
Start of Hover 15,618 212 |-0.8{0.2 |11,524 12,080 13,977
Touchdown 13,805 021 |-0.9]0.2 |10,290 | 10,729 | 12,668
Liftoff 10,500 ohe |-0.3]0.8 6,41 | 3,38L| 5,576
Start of Rendezvous 5,511 o5l 1-0.,6)1.6 3,133 | 3,048 1,730
Docked 5,129 254 1-0.6]1.7 2,916 | 2,837| 1,610

top values and therefore large values of () . Therefore, small values of T
(large T) which yield large rate excursions (Figure 3-39) are desired for
minimum propellant consumption and minimum number of thruster operations.
It can therefore be concluded that a non-linear PRM with 4 < 1 should be
used for the IEM attitude control system.

3.5 Attitude Control Propellant Requirements for LEM Mission (10, 11)

The RCS propellant requirement for IEM attitude control was evaluated assuming
the simplified IEM control system with cross-coupling terms neglected (Figure
3-5). Tt was also assumed that a PRM was used for reaction jet control.

The propellant requirements were evaluated as follows:

a. Propellant required for 1imit cycle operations:

™RILI U
TUNEDRN T ————
, DATE 30 Sept. 1964
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B B




73

PAGE

0 = 339
o u.H,Ho.p : 0 nmo.p sw 0z = .H.woh
su ), n.H,Hob sw ) u,H.Hn.,w 0 = Go.w Jap C2°0 =5 sw CT = gok
sw 2T = U, sw g = 19 sm g = cﬂsao.h sw g =" UG, 088 €T°0 = ¥
smooT = U | sw gp = FFHUO, sdd ¢ =93 sdd oz = *0dy 0=1 sw oz = 399
70 = 2 g0 = 2 L*0 = 2! L0 =13 Lo=3 sm g ="
oes/pea ¢zT =t oes/pea ¢gT - 09s/pel 00T =M o2s/peI 00T = oes/pri 00T = L0 =" 9
0T =% 0°T =y o-1 =% 0°1 =%y oot =%) - o1 8y
098 170 =%y 088 40 =fy 088 ZT 0 =%y 038 210 =9 088 G0 0 =Yy "oss 20 =%
SqT-93 00TT =°I| saT-2I 0OTT =°1 SQT-9J 00TT =1 SQT-3F 00TT =°C|  SAT-97 00TT =°g SQT-93 199 =L
1I-9nTs 0022 = T mi-wﬂm ooee = I m&'wim 00ce = I | ,33-30Ts 0022 = I mﬁ-mﬂm 00¢e = 1 mpm-mﬁm 00ce = I
Bop G0 =Te Bop G0 =T Sop ¢0 =T ep 0 =Fs OYT=1u| ° O %2 =1
3op T1°0 = Y Bop T°0 =y 3sp T0°0 =y 3sp 10°0 = ¢ 9P T°0 = O 39D T1°0 =
W W WM Wi XBauT] a3y peonpuy JI0-UQ
IBSUTTUCN SSTMR03TI
HOLVINTOW

ACOLS EONVIVENN ININOW YOI MELIAVEVE HOIVINGOW
c-€ TI9vL

Code 26512

B

-3

LED

REPORT
DATE

Eng-23-1A

IDENTIAL «

A
ENGINEERING CORPORATION

GRUMMAN AITRCRAFT

%0

30 Sep

:""}-r-,

x v



PAGE Tk

— CONFIDENTHAL™"

1- during coasting phases of LEM mission using equation 3-9
2. during powered phases of IFM mission using equation 3-1lla for
ascent (see section 2 for powered descent estimate)
b. Propellant required for large angular rotations using equation 3-1h
agssuming a 50/sec. rate limit

The total propellant required for attitude control was evaluated based upon
the above assumptiorsand is tabulated in Table 3-3 for the mass properties in
Table 3-1. Any major change in mission plan will require that the propellant
requirements be re-estimated.

3.6 . Control System Deadbands (12)

Use of two deadbands were considered (Figure 3-47), one in the forward loop,
and one on the attitude signal, with respect to their effects on minimum rate
command and limit cycle operation. Also considered is the effect of rate gyro
bias on limit cycle operation. However, the rate gyro deadband of 0.0lo/sec.
was neglected because 1t 1s smaller than the minimum possible rate change of
0.02%/sec.

A phase plane technique was used to determine the effects of the gdditional
attitude deadband and the rate gyro bias on 1limit cycle operation of a single
axis IEM attitude control system with cross coupling terms neglected

(Figure 3-U47).

For the attitude deadzone (Ila) equal to zero the phase plane boundaries are
plotted in Figure 3-48 for both attitude hold and rate command modes. The
following relationshipsare obtained from Figure 3-48.

a) écmin > 2Q/kg 7 A Opin (3-56)
must be satisfied to insure a rate change and a final rate value in the dead-
band;

b) Ocoast <2 (3'57)

states that total attitude change cannot exceed 2{2. during limit cycle;

-

c) oav = Kr©s
states that ég causes limit cycle to have an average value.

. Equation 3-56 is the critical equation., It must be satisfied for all values
of (1 and Kg. For ascent coast which is the worst case, Kg = 0.4t sec. and

Qcoast ™= 0.320/sec.; therefore, from equation 3-56

Qcmin O.SO/sec. P O.32O/sec. for LL = 0.1°

o]

and éc-m_]'_n b 250/58(:- 7 0.320/560. for ﬂ— = 5.0

GRUMMAN AIRCRA MEEDRATION DATE
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For O = 0, 1° we have & satisfactory control system. However, for Q = 5. 0°
the control system 1s unacceptable since a ec of 25°/sec. exceeds rate
gyro limits, the desired maximum command ratemand is too coarse for vehicle
control, gherefore, to use the Q = O scheme it will be necessary to switch
to = 0,1 whenever a rate command is given.

With the Inclusion of €} the phase plane boundaries change as shown in
Figure 3-L9. The following relationships are obtained from Figure 3-49:

a) écmin >2Q kg > ABmin (3-56)
to insure a rate change and a null within the deadband.
D) Oppst <20+ Q (3-59)
for limit cycle if
Omin < ¥ Kg - |e'B\ (3-60)
) Bt <20 (3-61)
_for limit cycle if
181 2 9/ g (3-62)
a) 8,y =Ky éB if (57) is true (3-58)
e) 8,y =% [‘{%‘ +-|Kk éB‘]‘ is true (3-63)

Agaln equation 3-56, for ascent conditions, is critical. For ascent 8 L=

0.32°/sec. and Kz = 0.k sec. From equation 3-56 we get min
Q > (0.32)2(o.u) - 0.064%/sec
Selecting ) = 0.1° we get the following’
Bepin> 0-5°/sec. > 0.32%/sec.
5% = 0° for 0.1° coast
(% = 1,9° for 5.0° coast
Therefore, for tight attitude ({2 0) the system of Figure 3-L49 becomes the

simplified system shown in Figure 3-48.

o > BONFIDENT
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At present éBmax = 0.29/sec (4) Therefore, from inequality 3-60 4 émin <

0 : e} : :
0.05°/sec. but, actuallyAoyin = 0.32 /sec. and therefore inequality 3-60
is noy true. Inequality 3-62 is not true since it requires |os|2 0.25%/sec.
but |®ﬁ = O,Eo/sec. with present gyro characteristics. Since both inequali-
ties 3-60 and 3-62 are not satisfied a limit cycle with both values of Gcoast
and Gpy will occur.

The addition of_fl.a in the attitude error signal offers the possibility of
achieving a small Ogpi, independent of the value of the total attitude dead-
zone. During coast large attitude deadbands are desired to minimize fuel
consumption. However, forIlEiﬁz 0 and for the range of éB possible, undesir-
able limit cycle periods due to decreased G.ygqt VBlUES will occur. This will
result in increased RCS propellant consumption. Alsa with L 4 #ﬂ 0, the
possibility of having O,y oscillate between KRéB andﬂﬁl d |KR@B” where

fla = 59, is highly undesirable.

When”fla = 0 for the entire LEM mission,SQ_ alone will control the total
attitude deadband. ) must be set equal to 5° for coast phases to minimize
propellant consumption. However, this results in an unacceptably large éc "
Therefore, it will be necessary to switch to the smaller value off)l whenever
a rate command is given. This will yield the desired small value for @Cmin
and also yield the desired values for G.ogst and Gpy -

It is therefore concluded that the control system withfléli 0 and the &
inclusion of the capability to switch to the smaller value of Q). for rate L4
commands should be used because:

1. Only one value of Opy exists and its maximum value is

@Avmax = KR gBmax
2. Only one range of O,pggt 15 possible. That is

Qcoast < 2 17—

3. Reasonable values of éc . will be obtained.
min

Since pilot maneuvers during coast periods are few and pre-planned, it
appears acceptable to depend upon manual selection of the small £ prior
to the maneuver. Automatic L) selection by means of the detent switch
on the control stick is also acceptable.
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TABLE 3-3
Attitude Control And RQtatiqnal Maneuvering Propellant Breakdown
Limit Cycle Maneuvers ¥¥#
Mission Phase Time Dead Zone Propellant) | Propellant
(sec) (deg) (1bs.) . (1bs.)
DESCENT
Separation 78 .1 : .2 5.6 (2)
Orientation and
Insertion Prep, 792 = 2.0 22.7 (8)
Coast to Peri-
Automatic
2
Powered 710 1 39.2 8.1 (2)
ASCENT
Powered 430 1 172.7% 2.3 (2)
Contingency Stay 600 1 15.9 6.8 (20)
Coast 5400 5 3.0 1.9 (9)
Rendezvous 847 5 .5 -
600 1 15.9 --

* 170# of the 172.7# provides a useful AV = 206 ft/sec, which is equi-
valent to 128# of ascent main tank propellant,

¥%  Manual landing and docking propellant requivements are not included.

*%%  Number or maneuvers assumed is shown in parentheses.
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.1 - Introduction

Vehicle maneuver commands may consist of any combination for simultaneous
translation and rotation. Theoretically it is possible that six commands,

one for every rigid body degree of freedom could be generated at once. Thus,
an acceptable jet-select logic should provide full control for any combination
of rotation and translation commands. This "mode" of operation is called
"normal" .

However, when one Or more jets are not available for control purposes because
of failure(s), the normal mode of operation is no longer possible. The re-
sponse to some combination of commands will be degraded in performance.
Ideally, the Jet logic for the LEM could be selected on the bagsis of providing
the minimum of control degradation for multiple jet failures. In practice,
other considerations (weight, reliability, etc.) predominate in the selection
of the jet logic. However, & complete appreciation of the characteristics of
any logic scheme cannot be achieved without an understanding of the control
performance degradation it provides for multiple jet failures.

This section presents some pasic concepts thalt were developed during the
analysis and synthesis of different jet-select logic schemes.

.o - Control Degradation Modes

The following defines four modes of control degradaticn that could occur
from jet-off failures.

Mode 1

The first mode is merely a degradation in the magnitude (or quantity) of the
control capability, while retaining the ability to respond (or quality) to all
combined commands in rotation and almost all in translation. This level of
degradation does not require the disconnect of the LEM guidance automatic

control.

Mode 11

The second mode of degradation represents the inability to respond correctly
to many combined commands while retaining the capability of sequential

oatt 30 Sept. 19
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single-axis rotation about all three axes, and sequential single-axis *rans-
lation with attitude hold, along any two axes. In this mode the avtomstic
control system mode cannot operate, but manual corntrol may be accomplishad,

Mode ITI

In the third degradation mode the vehicle is uncontrollable with translation
commands, but the capability of sequential single-axis attitude control
remains. In this mode the command module must perform the rendezvous =nd
docking maneuvers.

Mode IV

This level of degradation would represent the loss of all attitude zon“rol
capability. If the LEM rotation rate is excessive this mode could be ca*a-
strophic. Even if the rotation rate is not excessive, normal docking cannot
occur. The astronauts must exit from the LEM into space and ‘fly' to the
command module,

4.3 - Minimum Jet-Off Failures Resulting in Maximum Control Degradation

As defined in the previous section, a Mode IV control degradation can be
catastrophic, and must be avoided at all cost. At maximum failure, when all
Jets are inoperative, a Mode IV degradation has occurred. However, the
minimum failure that will cause a Mode IV degradation is of great significance.
In fact, the minimum failures that cause each of the modes of Jegradation,
assuming a "best" jet select logic scheme, must be appreciated for an

adequate understanding of the capabilities and limitations of the reaction

Jet controls, and for an adequate evaluation of any jet logic scheme.

It simplifies the understanding of the minimum failure considerations to
recognize that the reaction jets controlling the Q-R-X motions are logically
uncoupled from those jets controlling the P-Y-Z motions. Thus, no Jet
aligned to thrust parallel to the X-axis can possibly correzt a P-rotation
error or provide Y or Z translation, and no Jet aligned to thrust parallel
to the Y or Z axes can possibly correct a Q or R rotation error or providse X
translation.* (Figure L-1)

Mode IV

A brief study of the jet orientation diagram (Figure h-1) will verify that

only two jet-off failures need occur for complete loss of control (Mode IV),

The failure of any two oppositely-oriented X-aligned jets in diagonal gusds
{i.e. any one of the following four pair: 1-10, 2-9, 5-1k, 6-13) will cause a
Mode IV degradation. This 1is actually not as bad as it appears at first glance.

* Assuming the LEM c.g. to be at the center of the RCS thruster cooriinats
system, in Figure L.1
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Taken one at a time, there are 120 combinations of jet pairs. Thus assuming
a two-jet off failure, any two jets equally probable, the chance is only
1/30 that this pair would cause a Mode IV degradation.

Mode I11

When considering the minimum failures for a Mode III degradation it is

simpler to first analyze the Q-R-X and P-Y-Z controls separately. For Q-R-X
control, the ability to translate along the X axis, while maintaining attitude
hold, is lost if any two similarly-oriented X-aligned jets in adjacent quads
are failed off. For example, if Jjets 1-5 are failed off it will be impossible
to translate in the X2 direction without losing attitude control. For P-Y-Z
control, the ability to control translation along Y or 7 is lost if any two
similarly-oriented Y-or-Z-aligned jets in adjacent quads are inoperative.

(For example, b4-8 for ¥, or 3-15 for 7) Since manual rendezvous maneuvers

are currently planned to be accomplished with two axes of translation control,
a Mode III degradation would occur, for example, if at least any two of the
following three jet pairs were rendered inoperative; (1-5, 3-15, 4-8).

Mode 1T

If only the jet pair 1-5 were out, rendezvous could be sccomplished manually
by translating along Y and 7. If 3-15 were out, X and Y translation control
could still be available. And if L4-8 were out, X and Z translation would
still be possible. Thus, a Mode II degradation occurs whenever any two
similarly-oriented X-or-Y-or-Z aligned jets in adjacent quads are inoperative.
(It also occurs with four Y-Z jet failures where none are similarly aligned.)

Mode T

The following failures of X-aligned jets can be tolerated with a little

1oss of Q-R-X control quality, although control quantity (or strength) will

be compromised: any single jet failure, any two Jjets similarly-oriented in
diagonal quads, any two jets oppositely-oriented in adjacent quads, and, any
three or four jets that are similarly-oriented in diagonal quads and oppositely-
oriented in adjacent quads (i.e. 1-6-9-1k4, or 2-5-10-13). It might be noted
that the latter failure corresponds to the loss of an entire fuel system for
Q-R-X control.

The following failures of Y-and Z-aligned jets can be tolerated: any single
jet failure, any two jet failures where the jets are not similarly aligned
in adjacent quads, and any three jet fgilures where none are similarly
aligned in adjacent quads.

.4 - Logic Mechanization Concepts

L.4.1 - Modulated Logic - The earliest ILEM logic schemes developed at GAEC

(sometimes referred to as "series” logic) employed modulated attitude error
signal inputs, as illustrated in Figure lh-2g. The three proportional attitude
error signals (P, Q, R) are independently modulated by three pulse-ratio
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modulators. Each of the modulated error signals then enters the logic. The
Since the logic receives pulse-

train commands it must rapidly and frequently switch outputs from one jet

on-off logic output then signals the jets.

combination to enother. This logic mechanhization

has been employed for the

GAEC Msnned Abort Simulator (13) and the GAEC Manned Rendezvous Simulator.
Tt has been proven that this scheme provides satisfactory attitude control.

To illustrate this system operation, consider an

full-on translation response. The full-on
jet select logic. The Rl command, however

command both signal the select logic and the logic select

(RL, X1) command with

X1 command continuously signals the
, 1s modulated as a function of the
proportional error signal. Thus, at some times an RL command and an X1

s the R1, X1 jJets

10, 14 . At the other times only the X1 command signals the select logic
and the logic selects the X1 jets 2, 10,0r 6, 1h,or 2, 6, 10, 1h .

4., h,2 Proportional Logic - By letting the logic accept the proportional

attitude error signal inputs and putting the proportional output of the logic

into the pulse-ratio modulators one achiev
anization (also referred to as "parallel”
Since this logic receives proportional sig
ideally should perform a much lower order
compared with the modulated scheme. Howev

As an illustration of the operation of the

Jets 2, 10). The proportional Rl command will call for

es a "propo

rtional” logic mech-

logic) as illustrated in Figure 4-2b.

1

als, rather than pulse-trains, it

of magnitude of switching operations
er, where the modulated logic
requires three pulse-radio modulators for the three attitude error signals,
the proportional logic requires eight pulse-ratio modulators, one for each
pair of opposing Jjets, and eight summing amplifiers.

proportional logic scheme,
consider again the (R1, X1) command with full-on X translation. The full-on
Y1 command will call for a set of jets with a full-on signal (for example,

another set of jets

with an equal-to or less-than full-on signal (for example, jets 1, 14). Thus,
jet 10 will be full-on, jet 1k will be modulated-on as a function of the
proportional attitude error signal, and jet 2 will be modulated-on as a

ce) opposite-signed signals, of
ional amplitude for jet 1.

function of the summed (magnitude differen
saturation amplitude for jet 2 and proport

One of the most readily apparent differences between the operating

characteristics of the two logic schemes is the synchronous

jet output of

the modulated logic vs. the unsynchronous output of the proportional logic.
he modulated scheme, the logic out-
ted the same way, and each of the

Because the entire logic is modulated in t
put to each of the selected jets is modula

selected jets fires in synchronism with the others.
proportional logic outputs are proportional inputs to

On the other hand, the
separate modulators,

one modulator to each selected jet. Since the modulators are unsynchronized,
the jet firings are unsynchronized and the instantaneous pattern of jet

firings appears somewhat random in nature.

Another difference is the apparent efficie
Q-R diagonal-axis moments. Because the mo
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on a pulse-by-pulse basis, it (effectively) splits a diagonal moment unbalance
into two orthogonal components along the Y-Z control axis, and then operates
on these components (except for the relatively infrequent times when Q-R
pulses occur simultaneously). The proportional logic scheme, however, will
"attempt" to fire only those jets along the most efficient axils of moment
application. There is a possibility, though, that the unsynchronous firings
of the proportional logic will negate this efficient performance.

An extensive dynamic simulation would be required before a complete performance
comparison between the two schemes could be made. However, either the
proportional or the modulated logiec schemes could meet the minimum control
performance requirements. Therefore, the proportional logic scheme was
selected for the ATCA design (2) on the basis of other considerations, such

as clrcult mechanization, redundancy requirements, and partial failure effects.

4.5 - Three Types of Jet-Failure Cutoff

4.,5.1 - Quad Cutoff - If a jet-on failure oczurs, the failed jet must be
rendered inoperative under penalty of a catastrophic mode of degradation.

The Reaction Control System 1s deslgned to provide a shut-off of the flow

of propellant to the failed Jjet. One way of doing this is to shut down the
entire quad, This is undesirable for the following reason. Assuming two

Jet failures in two different quads where both quads must be shut down, the
chance is 1/3 that the quads will be diagonal, thus causing a Mode IV degrada-
tion., Even 1f the two quads are adjacent, the Mode III degradation will occur.

However, it 1s unnecessary to disconnect an entire quad. The system is
designed such that each quad has two pairs of jets, each pair associated
with one of the two fuel systems. Thus, it is as easy to cut off a pair
of jets as it is to cut off a quad. It may be firmly stated that quad
Jet-failure cutoff has only disadvantages when compared with pair jet cut-
off. The only remaining problem then is to select the optimum jet-pairs
in the guad to cut off.

4,5.,2 - Logic-Coupled Jet-Pair Cutoff - If the Jet pairs consist of both
Jets aligned along the X-axis or both jets aligned along the Y and Z axes,
(i.e. the jet pairs 1,2; 3,k; 5,6; 7,8; ... etc.) then each of the two

Jets in the jet pair is associated with the same select logic (i.e.

Q-R-X or P-Y-Z) and they might be thus referred to as being logic=-coupled.
This t?ﬁe of jet-pair cubtoff has been employed in the GAEC abort simulation.

4,5,3 - Logic-Uncoupled Jet-Pair Cutoff - If the jet pairs consist of a jet
aligned along the X-axis and a jet aligned along the Y or Z axis (i.e. the
Jet pairs 1,3; 2,4; 5,8; 6,7; ... etc.) then each of the two jets in the
jet pair is associated with a different select logic (i.e., Q-R-X and P-Y-Z)
and they must be thus referred to as being logic-uncoupled. This type of
jet pair cutoff is employed in the ATCA (2) and RCS design.

L,5.4 - Logic-Coupled vs. Logic-Uncoupled - Since an optimum logic would

provide only a Mode I degradation for a single jet-pair cutoff of either
logic-coupled or logic-uncoupled type, a selection between the two systems

REPORT NO.LED-50C -3
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must be made on the basis of multiple Jjet-pair failure considerations. This
has been done in Table k-1 which compares the logic-coupled and logic-uncoupled
schemes on the basis of the probabilities of the occurrence of the various
modes of control degradation, assuming the occurrence of two Jet-pair off
failures (with the possibility of any two jet-pair failure combinations

assumed equally probable).

Considering the logic-coupled cutoff approach, there are six combinations of
two jet-pairs in the P-Y-Z logic and another six combinations in the Q-R-X
logic, for a total of 12 two jet-pair combinations. A Mode I degradation
occurs if any two jet-pairs in the P-Y-Z logic in diagonal quads fails off.
There are only two combinations of this failure (3-4, 11-12 or T7-8, 15-16)

and thus the probability of a Mode I failure is 2/13 = ,167. A Mode II
degradation occurs for failures of any two jet-pairs in adjacent gquads in the
P-Y-z (3-4, 7-8, or 7-8, 11-12, or 11-12, 15-16 or 15-16, 3-4), or in the Q-R-X
(1-2, 5-6 or 5-6, 9-10 or 9-10, 13-14 or 13-1h4, 1-2) logic. Since there are
eight combinations of these failures, the probability of a Mode II degradation
is 8/12 = .666. A Mode IV degradation occurs for any two jet-pair failures

in diagonal quads in the Q-R-X logic (1-2, 9-10 or 5-6, 13-1k). Since there
are only two combinations, the probability of a Mode IV degradation is

2/13 = .167.

W th similar arguments the probability of occurrence of the various modes

of degradation can be derived for the logic-uncoupled jet-pair cutoff scheme,
as presented in Table 4-1. Comparing the two jet-pair cutoff schemes, it can
be seen that the probability of losing the capability of prime guidance
sutomatic control is .833 for logic coupled pair cutoff and only 572 for

the logic uncoupled system. In addition, the probability of total loss of
control is .167 for the former and .143 for the latter. On the basis of
these considerations, it isg concluded that the logic-uncoupled scheme 1is
superior to the logic-coupled scheme.
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SECTION 5

THRUST VECTOR CONTROL
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SYMBOLS USED IN SECTION 5

Symbol Definition

o

perturbation emplitude

Schmitt trigger deadzone

a
D Schmitt trigger deadzone
Dl average RCS duty factor in ascent
F descent engine thrust
Fm ascent engline thrust
FR RCS thrust
T frequency
g earth gravity
I, I2 total vehicle moment of inertia
Ie gimballed engine moment of inertia
Ie gimballed engine moment of inertia about
gimbal point
EL LEM body moment of inertia
KM gimbal engine actuator gain
KR rate feedback gain
L reaction jet moment arm
1 descent engine moment arm
le, ll geometric dimensions
Me descent engine mass X
ML total LEM mass
ML LEM body mass
MO lunar liftoff mass
Ml ascent burnout mass for zero moment unbalance
M2 ascent burnout mass when unbalance exists
&l ascent engine mass flow rate
ﬁg RCS mass flow rate
PMAX maximum power
D pulse on demand

inverse of rate gain

gimbal actuator torque

o? 7 3
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Units
rad.
rad.

rad.

lbs.

1bs.

1bs.
pulses/sec
ft/sec2
slug-ft2
slug-ft2
slug-ft2

slug—ft2
ft-1b/rad.
sec.

ft.

ft.

ft.

slugs
slugs
slugs
slugs
slugs
slugs
slugs/sec
slugs/sec
watts
sec—l

ft-1b
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SYMBOLS USED IN SECTION 5 (CONT'D)

Definition
maximum control torque
reaction jet torque
gimbal actuator velocity constant
actual weight of propellant saved

propellant required to control mcment
unbalance
body coordinates

descent engine coordinates

body acceleration in X and Y directions

descent engine acceleration in Xe and Ye
directions

cg offset in Y direction

required ascent velocity increment
LEM angular acceleration

control gain

gimbal angle

gimbal angle command

gimbal angle rate

gimbal angle acceleration

rate gyrc damping ratio

filter damping ratio

LEM attitude

attitude commanad

error signalr

error signal rate

modulator nonlinearity factor

sum of forces in X direction

sum of forces in Y direction

sum of torques applied to gimbal engine

sum of torques applied to LEM body

gimbal actuator time constant

DATE

cnummmc CORPORATION

ft-1b.
fr-1b-sec
1bs.

1bs.,

fr.
ft.
ft/sec2
fi/sec2

fi.
fi./sec

; 2
rad/zec
radg/sec2
rad.
rad.
rad/sec

rad/se02

rad.

rad.
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SYMBOIS USED IN SECTION 5 ( CONT'D)

Symbol Definition ) Units
Y, 6 IEM attitude : rad.
{V,gx IEM angular acceleration rad/se02
Wp frequency below which trim system is unstable rad/sec.
(JF filter natural frequency rad/sec.
Wp frequency above which trim system is unstable rad/sec.
OJR rate gyro natural frequency rad/sec.
Q%' stabilization network zero rad.
b stabilization network pole rad.

5.1 - Introduction and Summary

Estimates made of the probable IEM center of gravity (cg) offset from the nomina]
thrust axis have indicated magnitudes on the order of two inches for both
descent and ascent (29). At a descent thrust of 10,500 pounds and an ascent
thrust of 3,500 pounds, this offset would induce a torque unbalance magnitude

of about 1,700 ft-lbs during descent and 600 ft-lbs during ascent. The thrust
vector control problem is to compensate for these potential torque unbalances
while minimizing structural weight, propellant consumption, maximizing reli-
ability, and providing adequate maneuver control.

Some of the techniques that were considered for controlling the thrust vector
(torque unbalances) during powered descent phases of the IEM mission are:

a- use of additional RCS jets

b- fuel management

c- gimballed engine IEM attitude control system
d- gimballed engine trim system

Each of the above is considered in the following sections. While the techniques
a-, b-, d- can only provide torque unbalance trim control, technique c- could,
in addition, provide stable [EM attitude control and augment the RCS attitude
control system. Techniques a- and b- are briefly considered in the following
sections. The analysis of technique c- is presented in detail, and some
practical disadvantages of its implementation are discussed and illustrated.

The bulk of this chapter is devoted to the analysis and investigation of some
different possibilities inherent in technique d-.

The results of these investigations have shown that technique d- has significant
advantages with regard to weight, power, simplicity and crew safety. Detailed
studies have indicated that the gimbal trim system has superior performance
characteristics when it 1s mechanized as an open loop system with irreversible-
drive constant-speed actuators and with phase lead stabilization. Therefcere,
the recommended trim control system, and the system.employed in present control
assenbly specifications, is an open loop nonlinear stabilized gimballed engine

trim system.

gince the torgue unbalance magnitude predicted for powered ascent is well
within the control capability of the RCS jets, the thrust vector control scheme
chosen for powered ascent was the use of the existing RCS Jets.

5.2 - Powered Descent Control with Additional RCS Jet Thrusters

The moment unbalance time history (30) indicates that normal disturbances during

-
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powered descent will be on the order of 1500 ft~lbs,and a maximum of 2200 ft-ibs
is possible.

In order to trim this magnhitude of moment unbalance with RCS jets, eight
additional Jjets of 100 1b. thrust at a lever arm distance of 5.5 ft., are
required. The support structures and fuel and oxidizer lines from the main
descent tanks are also needed.

From reference 30, 562 1b. of propellant would be required for c.g. trimming
during powered descent. If a positive X-axis thrust logic (see section 5-7)
is used, most of this propellant would provide trajectory impulse as well,
and the only additional main tank propellant requirement would be 128 1b.

If the gimbal structure weight is the same as that of the additional jets
and associated structure, this scheme would result in a net increase in weight
f 128 1b. For this reason, no further effort was made in this arvea.

5.3 - Fuel Management Trim System

Another way of minimizing the thrust vector-to-c.g. offset is through moving
the c.g. by drawing upon fuel (oxidizer) unequally from the pair of tanks,
while the descent engine is firing. Thus, the c.g. of the fuel is shifted to
compensate for the c.g. eccentricity of the LEM structure, thrust vector
misalignment, ete. This is accomplished by putting the error signal (that
would normally actuate the gimbal trim system) into a logic system that flips
various valves on and off, shunting the main engine propellant flow from one
tank to another.

If the fuel management trim system is assumed to be compensating for a large
c.g. offset, then fuel would be drained from one tank to the exclusion of the
other. The fuel drained from cne side of the vehicle, would cause the c.g.

to move away from that side and closer to the thrust vector. Thus the torque
unbalance on the vehicle would be reduced almost linearly with time. Therefore,
the simplified dynamic response of the fuel management trim systemis essentially
similar to that of gimballed engine trim system with constant speed actuators
and irreversible drive (sec 5.5.2). A planar digital simulation with a
simplified representation of fuel management trim has verified the trim control
ability of this systen.

Initial considerations of this system have indicated the foliowing disadvantages

a- The pressure transients in the descent engine propellant feed lines
will cause the oxidizer-fuel ratio to deviate from the optimum (by an unesti-
mated megnitude) thus causing increased propellant consumphion.

b- To insure reliability, a multiple redundancy of valves will be required
Preliminary estimates have indicated that the resulting weight, reliability,
and power advantages will not be significantly greater than (but may be
appreciably less than) the girballed engine trim system (section 5.5).

c- Development time might be excessive for this trim control system since
an exténsive investigation is necessary to accurately determine the dynamic
stability criteria of this system.
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d- TNear the end of the descent phase the fuel in one tank can be zero
while the fuel in the opposite tank is needed to trim out the system. As
this last portion of fuel is employed the system will become increasingly
out-of-trim. At best this would only waste RCS fuel. At worst it could
cause a torque unbalance that saturates the RCS jets, thus causing unstable
attitude control.

e- The unbalance correction rate capability of the fuel management trim
system is about half of what has been estimated as being desirable in any trim
system.

Because of these disadvantages, it has been concluded that fuel management may
provide at best, a very small advantage with respect to a gimballed engine
trim system, but that more conclusive studies would possibly prove it to be
very much worse.

5.4 - The Gimballed Engine IEM Attitude Control System Analysis

Figure 5-1 represents the analytical model of the IEM with a gimballed engine
acting as a LEM attitude control system (with proportional linear servo
actuators). Force and torque equilibrium equations developed from this model
are presented in Table 5-1 (Equations 5-1 through 5-4)., These equations, plus
the gimballed engine actuator servo-motor equation (Equation 5-5), form the
"IEM Dynamics" relationships that define the forward loop response of the
control system.

The feedback diagram of Figure 5-2 illustrates the system dynamics that were
incorporated in an analog computer investigation. Function switches in the
diagram emphasize some of the variations tested!: attitude control, rate con-
trol, gimballed engine control, reaction jet control, coupled engine-jet
control, etc.

To facilitate the execution of a control system synthesis, the analytical
problem was executed in two overlapping phases. In the first phase the
linearized gimballed engine control system parameters were thoroughly investi-
gated. In this phase, the gimballed engine system was considered as the sole
control, except during the very last portion of the phase where it was briefly

investigated in concurrent operation with a linearized representation of a
pulse-modulated reaction jet control system.

In the second phase, the system equations were mechanized on analog computers
and the non-linear system performance was optimized. Among many other char-
acteristics, it was found that the high power requirements of the gimballed
engine control system actuators could be substantially reduced if lead-lag
stabilization networks were inserted within the attitude feedback loop. In
addition, it was demonstrated that the transient IEM response to attitude
commands was highly satisfactory, with the gimballed engine control system
acting alone or acting in conjunction with the RCS.

Because of reliability, power requirements, and weight considerations, the
fast-response gimballed engine control system was discarded in favor of the slow
response gimballed engine trim system soon after the analog studies were com-
pleted (31). Thus a detailed explanation of the computer studies will not be

presented in this report. However, the linearized Gimballed Engine Control
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TABLE 5-1

GIMBALLED ENGINE FORCE EQUILIBRIUM EQUATIONS

ZFX=O: (ML+Me)KL +MeYCG1JJ=F
ZFY=O (ML+Me)YL—Me(£2+1&e)q:+Mezeé+F6=o
2T =0 MY%-E2§+TL+H[2L(£I+£)+Y2 \ll
] e CGL e"LL e ! e CC]
- ML 2.8 - FLB = Tyt YagF T
o N . - o . .
z Ty = O 1v[ef’eYL [Ie * Meze(zL * ze)] vt [Ie * Meze ]6 * Meﬂe(XL ¥ YCG‘I})G“
where .Xe = .).(L + YCG\lJ . .
Y, =Y - (4, + ze) v+ 28
let MI. * Me = N&.’ Mege = Méé’ Meu'L-"%) =MeL
— - — o) -
IL * Ie * Me(fL * Le) = IL’ Ie * Meze (]ZL * Ze) - IeL
- = 2
I o+ M2~ =1,
M X 0 M Y.t 0 = |F (1)
- = 2
0 +MLYL b +Mee6+3j6 ,, Q - (2)
— " . o - B m _
MY, XM LY (IL-IeL+MeYCG)w -(MeezL5+FzL6) (T T (3).
. o . " o] "
0 +MeeYL IeLw +Ie6+Mee(XL+YCG¢)5 Ta \ )
GIMBATLED ENGINE ACTUATOR EQUATION: KM(JSC -8) -v6 T (5)
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FIGURE 5-1 GIMBALIED ENGINE PLANAR FREE-BODY DIAGRAMS.
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e Translation and rotation vee-
tors
~pg——— Force and torque vectors
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analysis is presented in the following pages. This analysis defined the basib
system stability criteria, which was later verified by computer studies.

5,5 ,1- Dexlvebion of tii: Lincav Open L.y Transfor Function T o
Engine Control Only)~-=-In performing The linearized analysis, equations 5-1
through 5-5 are operated upon in the following sequence: ch and TPJ are

set equal to zero. The solution of X from equation 5-1 is inserted into
equation 5-4 to form equation 5-4A. Equation 5.4A is subtracted from equation
5-3 to form equation 5-3A, Equation 5-5 is subtracted from equation 5-LAa

to form equation 5-4B, Thus, written in operator and matrix notations,

one obtains:

2 2 2
- Y -
M8 M S M_S” + F ! ]o (5-2)
2 2 2 . "
'MeLS ILS -IeLS + FIJ L( l+€ ) . vy 1= 0 (5'3A-)
bt S2 -I 82 I 52 + vS + Fy (fM;‘+ PIRK) KM6 (5-4B)
ce el e n——— C
| RN | I O G
LM
where: g - €
LMy,
Now, let
_a a. .4 -ff—ﬂ rO ] a
11%12*13 0] 811%12%13
'a,.8,,8 ¢ | =10 And let A = | 8,78,,2 = Su(B S2+B S+B )
21722723 21722723 2 1 o}

:’“31‘332""33 6 | % 231832%33

The fundamental forward loop transfer function of the linearized gimballed
engine control system can now be represented as:

a..a
11712 2
-KM a21a22 KM(AES * Ao)
8¢ A
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While this transfer function is in straight-forward polynominal form, the
coefficients of. the polynominals are complicated functions of the system
parameters. In an attempt to simplify these coefficients, they were expanded
in terms of the system parameters. Numerical values were substituted for
fixed parameters (masses, inertias, etc.) and the variable parameters (thrust,
masses, inertias, etc.) were evaluated at extreme values,

Two operational conditions were analyzed to bracket the extremesg of operational
range¢ orbit insertion at minimum thrust and touchdown at maximum thrust.
An inspection of the numerical contributions of the various parameters to the

magnitude of the coefficients led to the conclusion that the transfer
function could be represented as,

K(MI'82+MF1,)
L
v M LeL L L (5-6)

S M T s 4w IS NI (K -y —L)
LMty 1 MLy -
L

where the coefficients are numerically accurate within about five percent.,

Making the following substitutions,

1) -
a=f£-, w® = —H- ) B?(l-wJQ), ky = KB

(5-7)

&
3 U.L' 3

«

| - v
uﬁ I
e

one obtains the final form of the linearized gimballed engine control system
transfer function:
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When the forward loop transfer function, Fguoticn 5.8

a simplified feedback dlugraii as shown below:

, is substituted into

14 _L%Q-_LG %, _g:

£,

 —————

- [ <

s
S

The following open-loop transfer function is obtained:

ol
Y /- S
e R
fb Wo
=G X
\l"e pSe e
S +S + 1
Wy, “g G,

If it is assumed that wy, << ug’then the open loop transfer function may be

written as:

¥ The inequality constraints presented in the succeeding pages will indicate

the feasibility of thnis assumpticn.
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fo o g QL
V%o B STEtE

(5-9)

The root locus of this transfer function is sketched in Figure 5-3. It can
be seen that this system will be stable for all gains if the folliowing
inequalities are satisfied:

R<< woMle ) R<< &)L 7 wONAX é (A}H

5.4,2 - Derivation of the Transfer Function Parameter Constraints

In the derivation of equation 5-8 from 5-6, a parameter B was introduced,
which actually is the constant in the quadratic polynomial denominator of
equation 5-8. This constant may be negative or positive. Since eguation 5-8
will soon be shown to incorporate the major dynamic characteristics of the
open loop gimballed engine control system transfer function, a negative B
will provide a pole in the right half plane of the open loop transfer functicn.
Thus for stability purposes B should be positive. Moreover, it will be seen
that stability of the control loop is enhanced by maintaining sufficiently iarge
values of the quadratic denominator singularities, and therefore, keeping
P as large as possible. Because of these constraints, it may reasonably be
specified that

BEI, or x|, or Hndd T,

M

Note that the transfer function gain ( of ) and the (tail-wags-dog) LEM zeros
(uﬁ:) are Tunctions of numerically pre-determined system parameters.

The parameters K and Weo are determined by the structure and operating char-

acteristics of the IEM. Control system optimization must evolve around these
paramgters. The following defines the variation extremes of these parameters:

Orbit Insertion, Minimum Thrust:

_ FL 1000 (1bs) ° 2 (ft) _ rad.
« = T - 50 .000 ‘ 2 B O'l(sec.)
, (1b-ft-sec”)
_ (5-104)
Wo = i! _ | 1,000 (1bs) 2éﬁ0 _ %leg%d
el Lo {1b-ft-sec”) :

Touchdown, Maximum Thrust:

_ Fg _ 10,000 (1lbs) * 5 (ft) ad.
X = =5 = N Prvs
10,000 (1b-ft-sec”) :
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w, :@L z{l0,000 (1bs) ' 5 (ft) _ 35(_22%:) (5-10B)

Lo (1b-ft-sec2)

Thus, if Iy, = 40 (1b-ft-sec®) and Qpgy = 5.0 (rad/sec)

. ft-1b
then, for stability, Ky > Loy, = 200 (—=—) (5-10C)
Since
rad. rad.
= 35 —/— = T.1 |==
(’“bmax sec. ’ Wopin ( sec. )
<» R = 7.l frad
& W, = T ted/eed
Wy P? R <L T.1(rad/sec)
We may assume that
1.0 2 R = 0.5
S, we can state that, roughly,
K L () s 5020
v Wy, = 5'O(sec) (5-11)
Also we know that = wkao = 35 (.139) (5-12)
e max S€C.

Therefore, the open loop transfer function mey be written as

sS* S
wo o )Esr)
2 (S S
$* (254 /)(S5+1)
and the root locus may be plottedy as shown in Figure 5.4, Also from Figure 5-k
this system is stable for all operating gains (X)) within the range defined by
equations 5-10A and B when the electrical gain (¢) is about 1.0. However,
the assumed break frequencies of equation 5-13 might reguire performance char-
acteristics (specifically, magnitudes of power, response rise time, and maxi-
mum rate of motion) that are highly unacceptable. In fact, the results of
computer studies (31) have indicated that reasonable performance characteristics
result in a system that requires special circuitry to maintain stability over
all operating gains and compensate for the destabilizing effects of system
nonlinearities.

(5-13)

GRUMMAN AIRCRAFT ENGINEERING CORPORATION DATE 30 Sept. 196k

Ty I

REPORT NO, LED-500-3

I

d



PAGE 116 M \]ENhI&

5.4.3 - Gimballed Engine Actuator Performance Constraints

At this point the actuator response requirements will be related to the
previously-derived system stability requirements. From equation 5-12,
for Ip = 40 (1b-ft-sec?),

V = 1400 (1b-ft-sec) (5-144)
Applying the above inequality to equation 5-11,

ft-1b

Ky = 7200 ( rad. (5-1L4B)

Equation S-IhB, being the more stringent, would pre-empt equation 5-10C as the
performance requirement.

To develop the actuator response requirements, we will consider the "open loop'
actuator characteristic. Rewriting the actuator equationm,

Ky (§e =8 ) -vwd = T,
Because of the relative magnitude of LEM inertia to gimballed engine inertia,
Ta ?:‘ -Ies

Ky (8.-9 ) -v5' =-TIs90

or I8 + V& &+ xyd = ry§e
Or, in operator notation:

(—éﬁ s° + —;é—M s+1)§ = O

Thus, the "closed loop" actuator characteristic is
Py 1
S )

Le P X 541

and the "open loop" is

) _ Km/v
é‘e s(%s+1)

(where Je= 8.~ 0 )

or

Frler
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However, the linear open loop gain of the ectwator, Ky/v = Ga,has been numerically
defined by equation 5-11, and the linear open loop rise time constant (rise time
to a steady state velocity), Ie/v ="V, has been defined by equation 5-12. 1In
order to minimize the actuator power consumption and performance requirements,

it is necessary to minimize the actuator gain and maximize the actuator time
constant. Thus for minimum actuator power and maximum control stability, (within
the constraints of the previously defined stability inequalities)the actuator
open loop (linear) transfer function may be written as

= '—S-S"'O— (5-15)
(—3—5- + 1)

§tle

The non-linear actuator characteristics are represented by a saturation velocity,
|6|MAx , and a saturation torque, IT‘;JMAx . From equation 5-15, the steady-
state saturation velocity may be written as

l 5 lMAx - 50 I g"-lmx

The non-linear saturation characteristics of the gimballed engine control system
cannot be completely determined from the linear stability-requirement inequali-
ties. Thus, the level of error signal input at which the actuator response will
saturate will be defined as Jde,n Where

denn = JICYelmAX (5-16)

We will assume that a minimum linear range of control must be defined with
reaspect to the t 69 nominal gimballing range. The results of analog computer

studies have indicated the desirability of a linear range magnitude of a few
degrees. The following linear range will be assigned:

ééuu = 3.00
o
|5€|Max = k4,29
lSlMAx = 21.5o/sec. = 0.375 (rad/sec)

Moreover, applying equation 5-16 to equation 5-5 at 6 =90

K
Ta = |Ta|max - KMISelmaX= —_1%5@.»: (5-6)
Applying equation 5-12A to equation 5-6:

7200 ,ft-1b o Mrada. _
,|T8LBX>. — (rad) x 3.00 x g6 = 540 (ft-1Db)
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Since the actuator power requirements can be expressed as:

ft-1b é (rad

P(t) = T(t) ( rad sec.

= o(t) § (v) (LR

and, T(t) = Ty (1 - _T_Lil)
§ max
. 1 T
*s Prax = I Tmaxzanmx

Assuming a thrust-pivot misalignment of +"

Trw - 4 (in) * 10,50 (15) ) o o0 (seowm)

Assuming a c.g.-pivot eccentricity of 3 inches, engine weight of L0OO 1bs, LEM
acceleration of 1 g.

= 400 (1vs) * 3 (in) " 1(g) ° l fflg = 100 (ft-1b)
Assuming miscellaneous restraints such that Thise = 100 ft. 1b.
then T .. = Tpax + Tppm + Tg + Thise

total = 540 + 220 + 100 +100 = 960 ft-1b

Prax 2 & X 960 (ft-1b) x .375 (rad/sec)

2 90.0( ft—lb )

or Pmax 2 128 watts per actuator (assuming perfectly efficient actuators)

5.4.4 - Stability Criteria Summary

The linearized system open loop transfer function is:

o 5003 ~GONFIDENTIAL
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2
S S
( 1) (= + 1)
w2 R
Ve X
7 "¢ 5P
b ps
S S
(-(SE + 1) (w}; + 1)
where:

L
_FL _ K _ v
Wo —TIe_L , W= —E,L", Wy= _T; ; OJH>> wL

and 0.1 <€ A< 5.0 (rad/secz)

7.1 € Weg35.0 (rad/sec)

£t-1b
)

For stability Ky J» 200 ( =3

or, B2 1

R & Wo . = 7.1 (rad/sec)
Wy, S R (rad/sec)

Wi 3> Worpn = 35 (rad/sec)

Assuming: 1.0 > R 3 0.5 {rad/sec)

. WL » 50 (rad/sec)
1

v 3 1400 (1b-ft-sec)

Assuming:
*
ft—lb)

rad.

'5 & 1.0, & Ky 2 Vpin ®Prpin 7200 (

1

Wy 1/y

v £ 1/35 (sec)

Assuming: depin = 3.0(°)

stringent, the second inequality of K controls.

— CONFIDENTAE=— om0
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i

then Toax 2 540 (ft-1b)

6max 2 21.50/sec.

For a thrust-pivot misalignment of %", an engine c.g.-plvot eccentricity of
3 inches, etc.

Ppax 2 122 watts output per actuator

5,hj5 - Evaluation of Actuator Response Requiremengi

It should be recognized that the actuator performance constraints for system
stablility must be satisfied while complying with LEM weight and power allotmen*
constraints. A dynamic torque capability of 540 ft-1b will more than double
the torque requirements with respect to static considérations, which is nct
desirable. A response time constant of 1/35 second, in all directions and

for extreme static unbalance conditions, may be difficult to provide. OCutput
power requirements, of over 120 watts per actuator, are very high.,

These requirements may be relaxed to a great extent, but only by compromising
control system stability. It is conceivable, however, that by restricting the
attitude control system performance requirements, a lower performance gimbal
servo system might be successfully employed (31).

5.4.6 - Simplified Gimballed Engine Control System Transfer Function Derivation

The final result of the linear analysis stability criteria was the developmen®
of a feasible forward loop transfer function for the gimballed engine IEM
attitude control system. This function was developed from an inclusive free-
body diagram planar representation which provided a five-parameter matrix of
differential equations. This matrix was subsequently simplified to a three-
parameter matrix for linear analysis purpcses.(Section 5.L.1) The lineazr
analysis resulted in a complete gimbal-control-inertia transfer function for
the entire gimballed engine IEM a*ttitude control system forward loop. A
numerical evaluation of parameter magnitudes then led to the coneclusion that
the transfer function could be represented by a limited number of significant
parameters. A stability criteria investigation indicated further constraints
on the parameters, enabling further simplifications.

However, because of the lengthy (but rigorous) analytical path employed to
reach the final transfer function, an appreciation of the rhysical origin

of some of the basic dynamic characteristics has been sacrificed. To rectify
this situation, the open loop transfer function will be re-derived in a much
simpler manner by making all the simplifying assumptions initially (using the
results of the rigorous development as justification).

To analyze the stable gimballed engine trim system as an attitude hold device
within the RCS deadzone, we can neglect the RCS. Thus, the assumed attitude
hold system is as illustrated in Figure 5-5. Assuming the gimballed engine
mass and inertia characteristics to be much less than the rest of the LEM,
then the actuator torque can be expressed as:
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T = Ieg = KM( §¢c - 6) - v8

Where the actuator open loop transfer function is

s __ Mw

b6 S(1.5 + v)

and the closed loop actuator transfer function is

[« TR - 1
8
¢ ii 8% + %; S+ 1
KA KA v
Let%ﬁT,wLa%{= '(‘LH=—
I I
e e
Assuming wy >> oy,
8 1
] + l)

6¢ 5 41y
(wﬂ w,

From the simplified body dynamics illustration, Figure 5-6,assuming the
gimballed engine inertia is not negligible, the following torque equilibrium

equation can be written:

IL\b = Fga + T

I§=Fas+ L5
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Figure 5-5A Gimballed engine attitude control loop

.
¥ 160 / Sl 2 <522+I\V..
- (&»L;)(—%Lﬁ—t) s w s
s
R +

Figure 5-3B Gimballed engine attitude control loop with é/d:and 4)/6 transfer

functions inserted
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Figure 5-6 Simplified gimballed engine planar dynamics
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L4 (1 s° 4 FL )
Thus: . - = 5
J I8
™ T — Fl — Fl
et (A)o = Ie 3y X = IL
2
then b - & (S
) S w;

Tnserting the transfer functions and -jg- into the attitude hold system
cf Figure 5-5 results in the system of Figure 5-6. The open lcop transfer
function of this system is:

( S

T * 1)

¥ Wo-

2 S S
S (ZJE + 1) <ZJE + 1)

This is the same equation previously derived for Figure 5.3 (equatlon 5-9)
with the rigorous analysis (For /3— 1, the usual assumption).
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5.5 - Closed Loop (Feedback Stabilized) Gimballed Engine Trim Systems

5.0.1 - The Necessity of Integral Compensation

It must be recognized that, in general, a feedback stabilized gimballed engine
will not satisfactorily null the LEM torque unbalances for acceptably small
attitude errors. In order for the feedback stabilized gimballed engine systems
to adequately satisfy both criteria, an integral compensation network 1s
generally required. This is as true for fast-response feedback stabilized
gimballed engine IEM attitude control systems, (discussed in the previous
section) as it is for the slow response feedback stabilized trim systems
discussed in this section.

Briefly, this requirement is due to the fact that the steady state IEM attitude
control system transfer function (for LEM attitude "output” to torgue-unbalance
"input") is inversely proportional to the steady state trim control system
transfer function. The stcady state transfer function of a feedback stabilized
trim system is a simple gain, of a magnitude determined by system stability
requirements. If this gain is sufficiently large, then the attitude error will
be adequately small for meximum expected torque unbalances. In general, it

is not sufficilently large and integral corrpensation must be employed.

(Note that the steady state transfer function of an open 1loop trim system is
a simple integrator and the steady state attitude error for a torque unbalance
input is then zero. Thus, an open loop trim system does not require integral
compensation.)

In the preliminary stability analysis of a trim control system, there 1is little
loss of accuracy in neglecting the existence of a required integral compen-
sation network. After the basic stability requirements have been defined,

the system can be easily re-evaluated to include the dynamic effects of

the integral compensation. The compensation network can usually be tailored
to provide suitable performance with a minimum effect on control system
stability.

Thus, the integral compensation was neglected in the previous presentation
of the gimballed engine IEM-attitude control system, 5-I, although it was
naturally incorporated in the more extensive analysis and stability opti-
mization studies that had been performed. TFor illustration purposes, it

has been included in the following analysis presented on the linear-actuator
feedback-stabilized trim system, 5.5.2. However, it has been neglected in
the analysis presented on the constant-speed actuator feedback-stabilized
trim system, 5.5.3, because it would appreciably complicate the equations
and presentation without providing any significant information for the
purposes of this report.

5.5.2 - Linear (Proportional) Servo Actuators and Engine-IEM Inertia Coupling

When the fast-response gimballed engine control system was discarded because
of the advantages of a slow response trim system, one of the first trim
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systems to be investigated was the closed loop (feedback stabilized) type.
In these initial investigations, it was assumed that proportional linear
servo actuators could be used, and that inertis coupling would still exis*%
between the gimballed engine and the IEM structure.

Thus, the same equations developed for the analysis of the gimballed ergine
LEM attitude control system could be used to investigate this type of trim
system. The major difference between the two systems is that the trim
system requires a much lower gimballed engine maximum veloeity, and a much
lower saturation error signal. This nabturally results in & much lower
actiaator power requirement for the trim system.

An example of this trim system, applying the gimballed engine IEM attitude
control equations of Section 5.4, is presented below and illis*rated in
Flgure 5.7,

Iet R = 0.5 (1/sec) AfeLIN = 0.1 (9

0.2 (°/sec)

1l

T = 1/35 (sec)

§ e

2
. Ie _ Lo (ft-1b-sec?)
v T 1/35 (sec)

1400 (ft-1b-sec)

Let: W= 5.0 (rad/sec)

= vl = 1400 x 5.0 = 7000 (ft-1b/rad)
Knn L

1l

Wy = 1/ 35 (rad/sec)
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w\
il

q

T ~ Kn 8eIIN
max = 0.7
(required for )
control stability

7000 (£t-1b) x .1 (%) A (zady

0.7 180 ‘deg

= 17.5 (ft-1b)

Tmax (total) ~ Tmax (gtatic) -8 (dynamic)

= L4130 (ft-1b)
Prow = & Tpax Opax = 3 x 430 x0.2x T
- 315 () '
= .508 (watts)
_ Tep rad . L0 (lb-Tt-sec?)
Brin = 1 - %mx era = 1 -5.0 (5552) 7505 (£5-10)
200 1
- 1-m25 = 1-55 =1
(Sz+l>(i+,) (_S_H)—
v YV _ %G \Ws 0-5 Wi
CE RG]
..—--+ S
.0 , T35-+'

Integral
Compensation

(
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As the value of the integral break frequency (Wi ) is raised, the integral
compensation becomes more rapid but the trim system becomes more unstable.
A magnitude of @i = 0.1 should provide satisfactory integral compensa“ion
without appreciably deteriorating trim control stability.

-

fr examina®tion of the root locus disgram of this transfer funchtion {Figure 5
will suffice to prove this system stable for all operating gains, for

e 0 l

FO= e

I

5.3 - Constant Speed (Full-on) Servo Actuators and Irreversible Drive (No

Toertia Coupling)

frade-off studies between proportional servo actuators and constant speed
actuators have proven the latter to have significant advantages in terms
of weight and reliabilify. In addition, the slow response of a trim-
gimballed system, and its low power requirements, enables the use of an
irreversible worm gear drive in the actuator. Thus, the actuator can
rotate the engine, but engine cannot rotate itself against the actuator
{vie inertia forces, thrust misalignment, etc.). This irreversibility
acts as a safety feature, holding the engine fixed even with a power-off
failure at the actuators.

Because of this irreversibility, no appreciable dynamic coupling exists
between the rigid IEM structure and the gimballed engine. Thus, in a
planar analysis, the IEM can be represented as a simple inertia, as has
been done in Figure 5-9. In this diagram the constant speed actuator

is represented by a relay in series with the usual lineer actuatcr (open
locp) transfer function.
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In Figure 5-10, the system has been reduced to an analytically equivalent
configuration with the non-linear actuator characteristic replaced by its
describing function. The open loop transfer function of this system has been
employed in the root locus diagram, Figure 5-11. DNote that the system is
unstable at low gains, but stable at high gains. Note also, that for a given
system gain (§ o), the root locus gain ( 4§ o/ A) is inversely proportional

to perturbation amplitude (A). Thus, for any given system gain,

there will

be & maximum perturbation amplitude above which the system will not converge.

Now in order for this to be a satisfactory system, the operating roots should
be stable for all system gains. In order to investigate this system, the

following assumptions will be made:

R

Thus, the open loop transfer function can be written:

K. = 2.0 (sec), & =2.0(%sec), 1 =0.1 (sec)

£ o s 1) §° )
)‘I'(-g)_ oC oG _ g( e + 25 + 1
3
- AS S 3,8
(lO + 1) AS %IE + 1)
h . o 3
Where g =—— § oG( /sec”)
T
But (0.1) g <« (5.0) , (1/sec?) |

(Orbit Inser. Min. Thrust)

(Touchdown, Max. Thrust)

2 .
o = .1;(§.+ 25 +~1)=:-§_ + 2 (.316)_§_ + 1], g:i o G = .0255(°/sec3)

2

L316 .316

S | =
1.895 .105

= .O' — (| —
o= 5.0; 5.0 + 25 + l’

™

ELTE NN Wy M ATME NI T omapmmag

+ 1), g = 1.275 (°/sec?)
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Figure 5-9 Feedback stabilized Gimbal Trim System ( (GTPS) with constant
speed nonlinear servo actuator.

GBe A )4 ,( | x3] ©
— 77 A s(Ts+1) )] ’[5_—2 =

(35 +'K}‘XC35}H2§}..Ff

S ———r

2
. §+ s + 1
Open loop transfer function: | 4 & oG (oG )
wA 3 (v 1)

where a = FL/TI

Figure 5-10 Analytically equivalent feedback stabilized GTIS with describing

function nonlinearity.
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Figure 5-11 Root locus for closed loop gimbal trim system with constant

speed servo actuators and irreversible drive
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These two root loci have been plotted in Figure 5-12. It can be seen that

at orbit insertion minimum thrust, the system is stable for error perturbation
amplitudes A sinw t such that lK >3, or A sO.33O. Moreover, at larger
amplitudesithe system will diverge with very low frequency oscillations; T s.3/27T
(cps). However, at these amplitudes and frequencies the stable RCS control

will predominate, and the gimballed engine control characteristics may be
neglected. Similar reasoning may be applied at the other operating extremes
touchdown &t maximum thrust.

5,6--Open_Loop Gimbal Engine Trim Systems With Constant Speed Actuators and
Irreversible Drive

5.6.1--Uncompensated (Unsteble) Trim Systems

5.§.l.l--Introduction--The inherent simplicity and relisbility advantages of
the constant speed actuators over proportionsl actuators, of irreversible
drive over reversible drive, and of open loop (non-feedback) actuator control
over closed loop (feedback stabilized) actuator control, have resulted in the
selection of a gimballed engine trim sctustor which is a constant-speed,

open loop actuator. Figure 5-13 represents this type trim system for the LEM,
for single axis considerations and neglecting high frequency dynamics. This
trim system operates in parallel with the reaction jet control system.
However, to investigate the control performance characteristics of the gimballed
engine, we may neglect the RCS and represent the constant speed actuator
characteristic by a describing function (as in Figure 5-14). When the root
locus of this system is sketched as shown in Figure 5-15, it can be seen by
inspection that it is unsteble at all system gains. Thus, this open loop
trim system is a destabilizing influence on the IEM attitude and the RCS must
be employed to maintain stable attitude control.

Therefore, this trim system will ceuse the RCS to use propellant at a much
higher rate during powered descent than during the coasting descent phases

when the trim system’ is not operating. One way to reduce this undesirable effect
is to reduce this unstable trim system gain. The basic gimballed engine torque
gain is directly proportional to the gimballed engine rotation velocity, the

the engine thrust level, and the gimbal-pivot to LEM- c.g. distance. OF

these parameters only the gimbal rotation velocity can be designed to it

control requirements, and the assumed gimbal velocity of 0.2 degrees per

second is about minimum for adequate trim characteristics.

Another way to reduce the trim system gain is by putting a dead-zone in the
input signal line to the trim system. At perturbation signal amplitudes within
the dead-zone the trim system has zero gain. In general, the optimum trim
system dead-zone 1is about the same magnitude as the RCS dead-zone. At this
value of gimbal dead-zone, the gimbal trim system gain (for LEM perturbation
amplitudes within the RCS dead-zone) is very low and the RCS propellant
(required to compensate for the unstable trim characteristic) is minimal.
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A high rate feedback also helps the RCS propellant consumption. As can be
seen from the root locus diagram, higher rate feedback gains (Kg) make the
unstable root locus run closer to the j,, axis, thus decreasing the phase
margin of instability at the low frequency LEM perturbation amplitudes. Thus,
the RCS need compensate for a lower margin, or gain, of instability and uses
less propellant.

Note that this trim system can never provide stable attitude control no matter
how high the rate feedback gain. Note, also, that the gimballed engine trim
system cannot work with a pure rate-error-feedback input signal for the
following reasons: The trim system must null quasi-static torque unbalances.
For quasi-static torgue unbalances, the RCS will hold the IEM at a quasi-static
attitude error, with zero average attitude rate. Thus, the gimbal trim system
signal input must contain attitude error information for the trim system to
work at reducing the quasi-static torque unbalance.

Berause the RIS propellant consumption is of major importance, and because
this propellant consumption during the powered descent phase (for a specific
type of unstable trim system) is strongly influenced by the RCS modulator
characteristics, these modulator characteristics must be considered in detail.
Thus, the following discussions in this section will consider the optimum
trim system deadzones (for minimum RCS propellant consumption) for various

RCS modulator characteristics.

5.6.1.2 - Nonlinear (RCS) Pulse-Ratio Modulators It has been shown (32) that
a nonlinear pulse ratio modulator is required during powered ascert for minimum
propellant consumption. Naturally, it would be desirable for simplicity and
reliability if this same modulator could be used for all other phases of the
mission, including powered descent. Figure 5-16 presents the RCS propellant
consumption figures for attitude holding during all of powered descent, for
various values of trim system deadzones and two values of rate feedback,

The primary tool used in determining the propellant consumption figures was

a digital program that was written especially for these investigations.

The propellant consumption figures were obtained by inserting the vehicle
characteristics at orbit insertion, maximum thrust, into the computer program.
A large transient was introduced to prevent the possibility of low-propellant-
consumption oscillations if multi-stable limit-cycle regions existed. After
the transient had decayed and the system was perturbating in a stable 1imit
cycle, the RCS propellant consumption rate was calculated. This rate of prc-
pellant was assumed for two planes of control (X-Y, X-Z) and was multiplied
by 600 seconds, s nominal powered descent period.

At low trim system deadzone levels, the system continuously perturbates and
the gimballed engine puts a dynamic torque unbalance on the IEM, but the
average torque unbalance is zero. At large trim deadzones, the RCS hclds the
LEM attitude error within the trim system deadzone and the IEM attitude is
quasi-static., Maximum RCS propellant consumption levels can then be estimated
with simple equilibrium equations. '
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Note that f@r the nonlinear modulator with a 0.1 degree deadzone, the trim
system deadzone must be set greater than 0.2 degrees before the system
pecomes statically stable.

Note, also, that although the propellant consumption drops as the trim system
desdzone approaches the statically stable condition, it cannot be pushed too
close to this condition because propellant consuption can be much higher in
+the static mode, Thus, even with a rate feedback gain of 2.0, the propellant
consumption figure will be gbout 30 pounds.

5,6.1,3==linear Pulse-Ratic Modulators--The low duty factor of the nonlinear PRM
for small amplitudes decreases The relative gain of RCS loop compared to the
trim loop, which is & destabilizing effect that causes larger amplitude
oscillations and increased fuel consumption. We will now consider the linear
pulse-ratic modulstor which offers a higher RCS gain at small amplitudes.

Figure 5-17 is a piot of maximum powered descent RCS propellant consumption
versus trim system deadzone. These propellant consumption levels were obtained
by inserting the orbit-insertion, maximm-thrust LEM characteristics into

the computer program. The resulting rate of propellant consumption was considered
for two planes of control and then multiplied by 600 seconds, & nominal

powered descent time estimate.

The upper graph enables a comparison between two rate feedback gailns, 0.8 and 1.5,
for the pulge-on-demand (POD) type of pulse-ratio modulator ( a modulator
that resets the off-integral whenever the input signal = 0).* It can be seen
thaet the higher rate gain decreases the propellant’consumption. Note, however,
that the POD switch-line characteristic makes it mandatory to avoid a trim
deadzone that is appreciably larger than the RCS deadzone. On the same graph,
however, a non-PCD modulator(calculates off-integrsl first when input signal
first exceeds zerd’with a rate gain of 1.5 is plotted. It can be seen that the
non-POD modulator enables larger trim deadzone values since the statically-
stable switch-line is further within the modulation region, Also, & comparison
of figures 5-16 ‘and 5-17 show the reduced fuel consumption obtained with the
linear PRM.

Because of potential operating characteristics during powered ascent, the
non-POD modulator appears to be the more desirable (section. 3). Thus,

the powered descent propellant consumption.characteristics of the non-POD
modulator have been investigated in further detail. The lower graph compares
the non-POD modulator at a rate gain of 1.5 to the same system with a rate

gain of 2.0, both systems with orbit insertion, maximum thrust characteristics.
Note that the higher rate gain costs less propellant. Also, the propellant
consumption of a non-POD, rate gain 2.0 is plotted for hover maximum thrust
characteristics. Note that there is little difference of rate of RCS propellant
consumption between orbit insertion and hover, at maximum thrust.

¥ See Section 3.3.h.h for a furtiher explanation or modulasor characteristics.
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5.6.1.4--RCS Deadzone Variation--When it is observed that most previous investi-
gations assumed that the RCS deadzone was 0.l degrees, and that substantial
advantages are achieved with higher deadzones, the question of what happens to
RCS propellant consumption at higher RCS deadzones becomes significant. An
indication of the trend of this variation may be obtained from Table 5-2.

TABLE 5-2

Gimbal Trim System Propellant Requirements

RATE GAIN = 2.0 NON-POD MODULATOR
D2 = 0.300° DZ = 0.100°
RCS aar = 0.800° RCS aar = 0.600°
Gimbal Descent Gimbal Descent
D.Z. Propellant Consumption D.Z. Propellant Consumption
0.300 22 0.100 15
0.305 19 0.105 1k
0.310 18 0.110 12
0.315 11 0.115 9
0.320 (Static) 0.120 Static

5.6.1.,5--Results--This analysis has shown that, with the uncompensated trim
system, RCS propellant consumption for attitude-hold during powered descent
may be held within 20 pounds only if the following minimal criteria, which
are estimated to be unattainable, could be satisfied:

(a) The rate feedback gain is at least 2.0 (Preliminary vehicle handling
data indicates that lower rate gains might be mandatory. Prime
and abort guidance factors will also require a lower value.)

T INLL 10 34, Ihh-o= Y ) -
|/
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(v) The RCS-to-trim system deadzone tolerances are within 0.005 degrees
(attitude error) of the nominal. (This might be an unrealistic
design eriteria. )

(¢) A linear pulse ratio modulator is used (This requires switching to a
nonlinear pulse ratic modulator for powered ascent ).

(d) The nominal RCS deadzone is not much more than about O.1 degrees.
(For many other system considerations, 1t is desirable %o increase
the ROS deadzone as much as poseible. Preliminary guidance consider-
ations indicate that an RCS deadzone of 0.2 or 0.3 degrees will be
acceptable. )

+ is further assumed that propsliant slosh and elastic struchure coupling will
provide negligible effects cn RCS propelilant conszmption. Thig assumption is
required by the limitation of these prelimirary analyses which cnly considered
a rigid LEM. However, prelimircary slosh consideraticns indicate that slosh
will not ircrease the RC3 propellasi cinsuaption during powarzd dessent with the
cmesrpencated trim system.

5.6.2--Phase-Iead Stabilized Trim Systems
¥ A

5.,6.2,1--Linear (Dipole) Stabilization--As was previously shown from Figure 5-15,
the basic open loop trim system always acts as a de-stabilizing influence on

the attitude control, increasing the RCS rate of propellant expenditure. Thus,
40 minimize RCS propellant usage, a Hight tolerance must be maintained between
the gimballed trim system and RCS deadzcores. Moreover, to hold the RCS pro-
pellant within 25 pounds, a linear PRM mus’ be used during powered descent.
However, since a nonlinear PRM must be used during powered ascent, a PRM
characteristic switchover must be mechanized.

Mternatively, if the gimballed engirne trim system is stabilized, no RCS
propellant will be employed (for attitude holding), no tight deadzone ratio
need be maintained, and the nonlinszar PRM may be employed during all mission
phases. The insertion of a phase-lead retwork in series with the trim system,
as illustrated in Figure 5-18, will enable the trim system to act as a stable
attitude control system within & specific range of perturbation amplitudes.

Note that at system gains below a certain level the system will be unstable
below a frequency Wy and at system gains above a certain amount the system
will be unstable above a frequency wpe However, the describing function

representation of the actuator nonlinearity has shown that the system gain is
inversely proportional to the amplitude (A) of %the perturbating error signal.
Thus, at any given conbrcl gain () there will be minimum stable amplitude at
which the system will perturbate at a frequency Wp> and a maximum stable

amplitude above which the system will diverge at a frequency wy The only

remaining problem is to define an adeguate range of gains over which the system
must be stable for satisfactory psrfcrmance.
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The control gain & is directly proportiénal to main engine thrust, engine-pivot-
to-ILEM-c.g. distance, and inversely proportional to vehicle inertia. Main
engine thrust variation is from 10,000 pounds to 1,000 pounds, a range of 10.
Engine-pivot-to-LEM-c.g. distance varies from about 2 feet at orbit insertion
to about 5 feet at touchdown, a range of 2.5. IEM inertia varies from about
20,000 slug-ft2 at orbit insertion to about 10,000 slug-ft2 at touchdown, a
range of 2. Thus, the control gain range of & is about 50 to 1, Therefore,

at the minimum, the root locus stability region must be stable over a 50

to 1 gain change.

Suppose we now consider an open loop trim system with linear phase lead
stabilization. A reasonable frequency variation between the actuator time
constant and the rate feedback g&in constant is 20 to 1. We will be optimistic
and assume that 30 to 1 is achievable. Suppose we assume a lead-lag stabil-
ization network of 30 to 1 break frequency ratio, at the same frequency of the
rate and actuator time constants. (This, also, is a rather extreme design. )

A root locus plot of this sort of system is presented in Figure 5-19. 1t

can be seen that this system is stable for a gain ratio of about 30 to 1.

Thus, linear network phase-lead stabilization of the open loop trim system
is, perhaps, interesting, but of doubtful practical advantage because of the
50 to 1 gain variation of the trim control system operating characteristics.

5.6.2.2--Nonlinear (Relay) Stabilization--Because the gimballed engine trim
system employs constant-speed actuators with, essentially, relay operating
characteristics, it is possible to put a relay-type nonlinearity in the
electrical input to the actuators without affecting their mode of operation.
Consider, for example, the normalized trim control system with a certain type
of nonlinear stabilization, as shown in Figure 5-20A. As shown in Figure
5-21, this stabilizing function, for a sinusoidal input, has an output orly
between O and g/2, and between g and 3g/2. Thus, the describing function
of this nonlinearity has a 45° phase lead as shown in Figure 5-20B. It is,
therefore, possible to write the open loop transfer function of this system
as shown in Figure 5-20C. Note that the actuator time constant has been
expressed as a multiple of the rate feedback constant, R.

The root locus of this system has been plotted in Figure 5-20D for a frequency
variation between the actuator time constant and the rate feedback constant

of 10, 20, and 30, Note that, for a variation of 30, the system is stable
from a gain of about 3 to 1000, a range of over 300 to 1. This is about ten
times the range of the system with linear network phase lead stabilization.

Suppose we consider a system where the rate feedback gain (1/R) equals 2.0
and the actuator time constant is l/lO of a second. Thus, the frequency
vatriation is 20. As shown in Figure 5-20D, the stable gain range for this
frequency variation is from 3 to 300. Thus, for stability:

3 <« —&— <300
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But, & =__F,_L§_-

I
Thus ——F—X‘—ﬁ—g < A < -——E—%—ﬁ for stability
300 IR 31IR
Let, § - 0.2 (°/sec), i3 - Ko = (2 0)3 = 8.0 (<‘ec3)
R
v 16(sec)F,€ A<l6(sec2§£
300 3 I

The associated perturbation period can be determined by:

_2n R . _ 2mKR
2Tlf - "P_ = WR L] . P - '—-W-—- R
af: K, = 2.0 (sec) p - T
. Ler L
0.8k = 3= < P< TE5 = 8.4 (sec) ,  for stability.

At orbit Insertion, Minimum Thrust:

F = 1000 (1bs), g =2 (ft), I = 20,000 (1b-ft-sec”)

F£ _ (1000) (2
I 20,000

.

= 0.1 ( sec2>
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e}

T, 0.00053° < A < 0.053

@ = A Sin 3%2

2ﬂ1

.5, 0.00053°° Sin ( ) < & < 0.053° Sin (g‘“)

A% toeichdowr, Maximum Thrust:

= 10,000 (ibs), 4 =5 (ft) , I = 10,000 (1b-ft-sec2)

(l0,000\(E’) _ 1
= ety <50 ()

Hisal

. 0.027° 8in (gﬂiﬂ) < 8 <2.7° (%?%)

5.6.2.3--Mechanization Concepts for Norlirear (Relaz) Stabilization--While it
has been demonstrated tha® this parbicular nonlinear phase lead compensation
will stabilize the trim system, it must also be shown that s mechanization

of this functior is feasible and practical. In considering the mechanizaticn
aspect, the system illustrated in Figure 5-22 has been employed. Nokte that
43¢ 1is made of the error signal and its derivative, Ordirarily, derivative
zetworks are not particularly usefnl because of the high distortion and noise
of thelr outputs. However, there are three reasons to expech no gigrificant
performance deterioration from this aspect for this system

(a) The mechanization employs only sign informatior from the derivative
retwork output. Thus, amplit: wde distortion has litile effect on
rerformance.,

(b) Derivative network cuboff frequencies may be as low as 20 radiens
pexr seco“d providing a distinet limi% to the ncise and distortion

Oui.-‘Jp RIpS
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(c) The slow response actuator will act as its own low-frequency filter.
Tt will be unable to respond to high-frequency transients and noise
signals.

A compensation logic truth table is presented in Figure 5-22A, Iarge values
of D are desirable (as will be discussed in £he following section) and finite
tolerances on‘a’are quite accephable.

5,6.2,4--Maxinum Stabilization--Note that it 1s not necessary that the trim
control system provide atbitude convergence to amplitudes very much smaller

than 0.1 degrees. Thus, for error signals velow O.1 degrees, the trim system
does not require attitude information from the stabilization network. Suppose

the Schmitt Trigger Deadzonme (D) is not infinitesmal. Then, for perturbation
amplitudes below the dealzone level (D), the stabilization system would pass
through only errcr rate (6_) information. Thus, the shabilization describing
function would provide 900 of phase lead af the low amplitudes (IO | < deadzone),
and 450 of lead at the high amplitudes (GP > deadzone ). €

The describing funchion cf this nenlirearity has been found to be

\ T+DJA
J(A) = 2/2 /DA € 7=n -l(\/ltD;A

where: D = deadzone A = perturbation amplitude
O
Thus, for A<D J(A) = 4 e 999
: 7 A
1/ . .0
And, for A >> D s(a) = —2E— e gk5 :
n A

The roct locus of the trim system with this stabilization network has been
presented in Figure 5-23, Note that the minimum stable amplitude for any mission
phase is about 0.5 degrees and that the system remains stable at very low
perturbation amplitudes.

5.7--Ascent Thrust Vector Contrcl--It has been estimated that the mean torque
“nbalance on the LEM during powered ascent wiil be 250 ft-lbs. about the Y and
7, axes or 500 ft-lbs. about Y or 7 axis. Both these levels are well within
the 1100 ft-1lbs. control (pure couple) torque capability of a single pair of
RCS jets, and therefore additional means of thrust vector control will not be
required during powered ascenb. However, approximately 170 1bs. of propellant
will be required to control these torque unbalances (see section 2.5) and a

DATE 30 Sept.'6h GRUMMAN AIRCRAFT ENGINEERING CORPORATION
S 8
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control logic which Qill yield useful AV from this propellant is desired.

If only those jets which add impulse Parallel the main engine are selected
(plus-X logic) it will only be necessary to fill the main tanks with the
required propellant for AV minus the amount required for moment unbalance
control. The equations which determine the propellant saving are:

Em Mo Fﬁ +D1ER Mo
VAm e w e e | e W (1)
no momght moment unbgiance exists
unbalance
let AE Fmv = Fm + DlFR (2)
- T ————— T D m
I]’ll ml . 2
M
then , log _o = B log gg (3)
Ml N%
- +
and Log , = gB'A? loﬁ M, + A log Ml
B (4)
and

Wp = Wpos - 8,(M - M (5)

o)
Substituting the parameter values tabulated in Table 5-3 which are typical
of the LEM vehicle, a propellant saving of 112 1bs. is provided.

However, with this method, only main tank propellant will be consumed for

the trajectory impulse when there is no moment unbalance and therefore the
main tank contingency propellant allowance will have been depleted by the
amount of propellant saved using the plus -~ X jet select logic during powered
ascent. The RCS propellant ndt used because of the absence of moment unbalance
will serve in place of the used main engine contingency propellant.

In the presence of moment unbalance, no main tank contingeney propellant

will be-burned because of the agsistance to the main engine of the plus - X

RCS thrust. However, in the event of an RCS Jjet failure, pure couple logic and
the main engine contingency propellant will be used (112 1bs.).

SCONFIDENTIAE ronr 1ED-200-3 o6
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Tt should be noted that the plus -X logic method of control provides

1100 ft.-1bs. of control moment about a single axis (which is the same as
pure couple logic) but only provides 770 ft.lbs. about an axis L5 degrees
from the Y and Z axis. For unbalance moments about this axis, only half the
control provided with pure couple jet, is available. However, this will

be adequate for the currently expected powered ascent moment unbalance.
Therefore, it can be concluded that plus -X logic RCS control be used for
powered ascent thrust vector control.

TABLE 5-3
A = 9T60 ft/sec
B = 068l ft/sec
M, = 2L40.8k slugs
My = 121.27 slugs
WReS = 133 1b. (obtained from reference)
g0 - 32 £t/sect

REPORT No, LED-500-3 - CO
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5.8--Conclusions--The recommended torque unbalance trim system for powered
descent, and the one incorporated into the control assembly specifications
at this time, is the open loop gimballed engine trim system with nonlinear
phase lead stabilization.

Linear phase-lead stabilization was rejected because of its inability to
provide satisfactory compensation through the descent stage range of inertias
and thrust levels. Uncompensated (unstable) trim systems were rejected in
favor of the stabilized trim systems. The uncompensated trim systems cause
an increased RCS duty factor and propellant expenditure during attitude limit
cycles because they induce a de-stabilizing influence on the attitude. It
has been estimated ( "= 32 - ) that an uncermpensated trim system would
cause the expenditure of an extra 45 to 75 pounds of RCS propellant in
adlition to increasing the number of operating cycles of the reaction Jjet
thrusters, and would require tight tolerance levels for the actuation sigral
response.

Closed loop trim systems were rejected because of their inherent dependence
on the reliability and accuracy of feedback sensors, and the additional
complication of required integral compensation.

Proportional gimballed engine actuators were rejected in favor of on-off
irreversible drive actuators, which have superior reliability weight, and
power consumption factors. For the same reasons, a fast reponse gimballed
engine IEM attitude control system was rejected in favor of a slow response
gimballed engine trim system, and other trim techniques (fuel management ,
addition RCS jets, etc.) were rejected in favor of the gimballed engine.

Because of the structural geometric constraints on the ascent stage configura-3
tion, ascent thrust vector trim techniques of engine gimballing and fuel
management can be readily proven impractical. However, the predicted torque
unbalance magnitude during powered ascent is well within the control

capabllity of the RCS jet thrusters. Thus, the existing RCS jets will be
employed for powered ascent thrust vector control.

- rerort LED-500-3
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SYMBOLS USED IN SECTION 6
Symbol Definition Units
A accelerometer constant ft/sec
B accelerometer damping coefficient ft-lb-sec/rad
e modulator input signal rad
e attitude error plus integral compensation rad
fP pulse repetition frequency pulses/sec
f, minimum pulse repetition frequency pulses/sec
F reaction jet thrust 1b
G integral compensation gain sec™t
I vehicle moment of inertia slug-ft2
K combined reaction jet and modulator gain ft-1bs/rad
Kr rate gyro gain constant sec
K@ attitude feedback gain ---
/é? accelerometer distance to c.g. ft
L reaction jet moment arm ft

lb-sece/rad

m accelerometer pendulosity

M vehicle mass slugs
P 1limit cycle period sec

t time sec
TRC reaction jet torque ft-1b
TU unbalance torque ft-1b
Tw pulse width sec
X,Y,2 spacecraft axes (See Figure 2-1) -

7 Z axis acceleration ft/sec

REPORT TED-500-3
DATE 30 Sept. 1964
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SYMBOLS USED IN SECTION 6 ( Continued)

Definition

lead network constant

thrust to mass ratio

earth g's

attitude error

attitude error rate

vehicle attitude

quantized attitude feedback

attitude command

vehicle attitude rate

pendulous accelerometer time constant

lead network time constant

forward loop deadband

reporT LED-500-3 =
OATE 30 Sept. 1964

GRUMMAN AIRCRAFT ENGINEERING CORPOR
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Units

ft/sec2
ft/sec2
rad
rad/sec
rad
rad
rad

rad/sec

"
in

sec

sec

rad

f
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6.1 - Introduction

In all previous analyses and discussions the effects of guidance attitude
feedback on the attitude control loop were neglected. Some of these contrel
problems are considered herein. They are:

a) Control of athitude errors generated during powered ascent due to
g. offset (integral compensation).

fa)
oen

b) Thrust vector control by abort guidance during powered ascent
{pendulous accelerometer).

c) Attitade control by use of a quantized attitude feedback signal
(strap down gyro guidance feasibility study).

Eazh of %he above is discussed separately, in detail, in the following:

6.2 - _Integral Compensation (T, Abort Guidance ILaw)

Daring the powered ascent thase of the IEM mission, the ascent engine
thrist axis will remain fixed with respect to the IEM "X" body axis.
However, even if the thrust axis is perfectly aligned with the "X"

body axls, the probable c.g. offset will produce a substantial thrust-
induced torque on the vehicle. The RCS cannot counter-balance this
torque without causing small quasi-steady-state IEM attitude errors

on the order of a few tenths of a degree. Since this level of attitude
error must be reduced, to meet AGS T; Compensation Law requirements,
integral compensation (16) is required for powered ascent when using
the AGS for guldance.

A biozk diagram of the planar IEM attitude control system is presented
in Figure 6-1. Without integral compensation (switch open; Figure 6-1),
& steady torque unbalance (Iy) will produce a steady state vehicle
attitude error (O44) given by,

where K represents the linearized RCS gain and L represents the deadzone.
With integral compensation (switch closed), the steady state attitude
error 1s zero. :

While integral compensation will provide the desired attitude error
magnitude during the powered ascent phase, it would be desirable to
know that this integral compensation does not deteriorate system

»CONFIDENTAE ero o .55
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performance during other phases of operation, thus precluding the ~
necessity of special switching. Therefore, the effect of integral 7/
compensation on RCS limit cycle characteristics during the coasting
phase was considered.

Figure 6-2A illustrates the LEM attitude error (e) as the RCS con-
strains the attitude within the error deadzone limits (*SL). The
integral compensation will operate on this error signal to produce
an output (€/s) as shown in Figure 6-2B. The maximum value of the
output Qifl) of the integral compensation can be calculated:

P/l B/
G S-o/ €(t) at = Gegi/ t dt

AC2

P/h .
- g€ p°/32

1
[®]
me

nfl

0

c.A=0cp/8

Inspection of the input to the RCSFigure 6-2C, shows that to avoid
deteriorating the limit cycle,

==

09 o3

Thus GP

T <LL

For the same reasons the maximum absolute rate of change of G&€ should
be much less than the rate of change of €. E

i.e. %_ G é 2 ] t = P/M
t E
<<m

Thus GP 1
L <<

[\)Id’

This last criteria, being the more stringent, would control. Therefore,
in order to insure no deterioration of the RCS duty cycle by the
integral compensation during coasting, the limit cycle period (P)

must be
P < < 13.3 (seconds)

if the integral gain is 0.3.
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Case

1) Hohmann
orbit

2) Hover
3) Liftoff

4) Burnout

TABLE 6 - 1

SYSTEM CONSTANTS

K = 138,000 ft-1b/rad K, =1

d,r(ft/secg) IT(slug—ftg) Kr(sec) X c.g. (in)

13.7 18,700 0.5 187

5.3 10,000 0.5 212

14.6 2,800 0.2 245

30.0 2,100 0.2 245
Navigation base X = 298"

g /Z = ~-x + Xcg
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An integral compensation gain of 0.3 was selected as providing
reasonably rapid error compensation without causing unacceptable
phase lag. This error reduction time constant of 3.3 seconds will
cut attitude error to 40% in 3 seconds, and 5% in 10 seconds.

The ascent coasting phase limit cycle period of rotation for*l/10°
deadzone under consideration is about 3 to 6 seconds, depending upon
the axis. When the deadzone is increased to t 50 for minimum pro-
pellant consumption, the limit cycle period is measured in minutes.
Limit cycle periods are substantially longer during the descent
coasting phase, but powered descent phase limit cycle period is only
one to three seconds (self stabilized trim system). Therefore, if
integral compensation is required to reduce the steady-state attitude
errors during the thrusting ascent phase, it must be inoperative
during the coasting phases of ascent and descent. It is also
desirable to have it inoperative during powered descent since the
gimbal trim system will remove any attitude offset during powered
descent and since integral compensation is destabilizing.

Therefore, if AGS tolerance limits for vehicle attitude bias errors
are smaller than can be achieved with the uncompensated control system,
it will be necessary to use integral compensation during ascent
thrusting. This compensation network must be switched out for all
coasting flight phases and descent thrusting phases.

6.3 - Pendulous Accelerometer Study (T1 Abort Guidance Law)

For accurate control of the IEM trajectory in the abort guldance

mode, information as to the relative positions of the controlling

thrust vector and the vehicle body axes is required. If the thrust
vector is misaligned.extraneous accelerations, which would induce
position and velocity errors, will be introduced. A pendulocus
accelerometer (17) (18) has been considered for use in the Abort Guidance
System (AGS) in order to correct for thrust vector misalignment when
using the T guidance law.

The method previously considered for correction employed a lateral
accelerometer. This method generated a single correcting signal
(assuming a constant error), and all errors accruing after this one
correction would remain within the system. The pendulous accelerometer
has the capability of monitoring both "Z" and "X" acceleration, thus
continuously measuring any thrust vector offset angle.

Steady state attitude errors due to the thrust vector not passing
through the vehicle C. G. have not been included in this analysis

because,

a) the pendulous accelerometer feedback has no effect upon this
steady state angle.

— . L TE
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b) this error will be eliminated through the use of integral
compensation as described in section 6.2.

It is aliso assumed that operation will occur in the linear region of
the RCS.

Four distinct phases of the mission have been considered —-- Hohmann
orbit, hover, liftoff and burnout (the attitude control system is
shown with accelerometer dyneamics in Figure 6—3). For all four cases,
the perdulous accelerometer, which will be mounted on the navigation
base, is above the vehicle C.7, This configuration could lead to
possible insbabilities, and therefore, the values of accelerometer
constants which are necegsary and sufficient to guarantee stable
operation must be determined by analyzing the open loop transfer
funztion.

The open loop transfer function can be shown to be (from Figures

6-3 and 6-4),

. 5
cr= £ (g v ke « L2 ZT£S+)ZT (6-1)
where K = linear PRM gain.
T = pendulous accelerometer time constant (17)
= B/mf‘o(t'
B = accelerometer damping coefficient

5
=
I

accelerometer pendulosity

earth g's

X = thrust to mass ratic — T/M

The first order lag representation of the accelerometer is due to
the assumption that it will be more than critically damped. Re-
arranging equation (6-1) we get,

NV S P b e y (6-2)

AT 2
s (s

GH

+ T/MA)

] neon D-5OO-
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Figure 6-4 Accelerometer locations

Accelerometer

2

Figure 6-5 Pendulous accelerometer root loci

Closed loop
pole

Closed loop
ZerQ

/ (v)
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such that T can be expressed as A .

TN

If we define the follwoing quantities

7 = 4 + KeA
K¥= KZ/IA

M= (AKg + K.T/M/Z
N = (Kg T/M)/Z

we can express equation (6-2) as follows,

€ + Ms + N

GH = k¥ — '
s (s + w1) (6-5)

The characteristic equation (1 + GH) of the system can now be determined,
and its roots checked to determine system stability. The equation 1s,

33 + (K* + U,a_)sg + K¥Ms + K¥N = O (6-6)

Necessary conditions for stability require that all the coefficients of the
characteristic equation be of the same sign. Since £ is the only quantity
that can be negative it can be seen that,

K¥ + wp >0 (6-7)

because K¥M and K¥N are positive definite. Substituting system parameters,
the following restriction on sccelerometer constant A is obtained,

_(IT/K M + £)
Az K. (6-8)

Considering the four cases as presented in Table 6-1, the following
restrictions are placed on A.

a) case 1 A>14.8
b) case 2 A > 13.54
¢) case 3 A > 20.6
da) case b A >19.8

To test the sufficiency of the above values, consider the Routh array of the
coefficients of the characteristic equation,

s3 1 K*M

52 K* + Wy K*N

. (K* + wq) (KXM) - K¥N 0
K¥ + wy

sO | K¥N o

We get (K* + W) (xxM) - KN > 0

e e 5<CONF]
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Substituting values for fhé constants.énd simplifying we get,

(A + Ky T/M) (KZ + IT/M) > K TAT/M (6-9)
but, 2 = 4 + K, A and KG = 1. Therefore, in ordsr for 2> ¢
A>L/K (6-10)

e value of A given by equation 6-8 is less than the value given by equation

6-10. By making 6-10 the governing equation, stable operation is guaranteed
because from 6-9 we have,

IAT/M + [K KZT/M + AKZ + 1K, (T/M)2] > IAT/M (6-11)
is necessary and sufficient. Therefore, the values of A for the four
cases considered are,

a) case 1 A >18.5
b) case 2 A > 14.3
c) case 3 A >22.1
d) case b A >p22.1

A rcct locus sketeh of the svstem shows the responsiveness of @ tc a 8 and

% input signal. For a @ command, 4 1s a closed loop zero (Figure 6-5a).

T2 closed loop pole andczerovcan be seen (Figurs 6-5a) to be almost egual
making the residuwe of this pole approximately zero. The dominant poles are
therefore, the complex pair. The accelerometer has, therefore, relatively
litsle effect on the response of@ to a 6 input. To see the effect of a Z
command on @ we refer to Figure 6-5b. Tﬁere is no pole in the open loop feed-
back path to become a zero in the closed loop system. Thus, the real operating
point becomes the dominant pole,

A parametric study to show the position of the roots of equation 6-6 ag "A"
varied was performed. The system time constant was assumed to be entirely
due to the real pole, while a damping coefficient was calculated for the com-
plex toots. Figure 6.6 represents a graph of the system time constants and
the minimum damping available in any of the four cases as functions of the
accelerometer constant A.

The pendulous accelerometer was proposed to provide continuous correction for
errors induced due to thrust vector misalignment. A range of accelercmeter
constants has been determined which will provide adequate system response and
also guarantee sufficient damping. An accelerometer constnat between 50-150
is recommended for fast system response in high T/M phases (cases 1, 3 & U)
and sufficient damping (§ > 0.L).
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~ of 0.03 deg. are shown in Figures 6-11 and 6-12. Both continuous and

6.4 - Quantized Attitude Feedback (Strap-down Attitude Reference Feasibility
Study )

Substitution of a quantized feedback signal (20) in place of the continuous
attitude feedback signal for attitude control (Figure 6-7), in conjunction with
a lead network to generate rate information, was studied., The use of quantized
attitude informatl on in conjunction with continuous rate feedback was also
considered (Figure 6-9).

Three different levels of quantization were considered in this study to
represent varying coarsness of atbitude information (0.01, 0.03 and 0.08
degrees), The effect that quantization has on transient response and 1limit
cycle operation of the system was investigated by means of an analog
simulation. A PFM as shown in Figure 6-8, which yields limit characteristics
jdentical to that of the PRM was used. Different values of fg were used to
satisTy moment unbalance requirements for various values of inertia, and the
effect of fo on limit cycle operation was noted.

Tt would be expected that the effect of quantization on transient response
would be dependent upon the ratio of transient size to quantum size. The
effect of quantization is expected to be negligible if this ratio is greater
than 10. An example is shown in Figure 6-10 in which a 10 mr. transient step
response is shown with and without quantization of 0.52 mr. (0.03 deg. ).

The ratio in this case is approximately 20:1 and the system behaves as pre-
dicted. For transients at least this large, it was found for smaller
inertias, that for any of the three quantization levels considered, transient
responses very similar to the continuoug attitude case were produced.

Time histories showing the effects on limit cycle operation of a quantization

guantized limit cycle attitudes are plotted in the figures in order that a
comparison can be made. It should be noted that the quantized limit cycle
frequency and thereby fuel consumption is higher than the continuous system
in both cases. Also noted, primarily in the large inertia case (I = 10,000
slug/ft2), is that spikes generated by the lead network initiate premature
reaction Jjet firings. The effects of quanta size on limit cycle frequency
are summarized in Figure 6-13a.

It was established by an additional case (I = 2000 slug-ft2 anf fo = 50 PPS)
that large increases in limit cycle frequency are produced by a combination
of three effects which are:

a) gquantization of attitude information.
b) use of lead network to derive rate information from quantized signal.
c) use of PFM with large fo.

If any of the above effects is missing the large limit cycle frequency will

be reduced. The effect of f, is clearly shown in Figure 6-13a while

Figure 6-14 shows an improvement in limit cycle frequency, is obtained by
substituting a continuous rate signal (Figure 6-9) with Kg = 0.4 sec. for the
lead network. When I = 10,000 slug-ft2 and fo = 50 PPS with continuocus rate,
a marked decrease in limit cycle frequency to a value below that of I = 10,000
slug-ft2 and fo = 6.7 PPS with rate generated by lead network (Figure 6-13b)
is obtained. The use of a PFM with large fo 1s precluded when a PRM is

used for attitude control.
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It is evident from the above that quantization levels of up to 0.08 deg. can

be tolerated without substantially affecting transient response for the range
of inertias considered and that it is possible to utilize quantization values
of at least 0.03 deg. without a great penalty in limit cycle propellant con-

sumption provided that a continuous rate signal is used.
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SYMBOLS USED IN SECTION 7
Definition

vertical acceleration

thrust delay

dimensionless ratio

input to PRM

sabturation input to PREM

force on 1o body in X, direction

i . . .
force on i b body in XA direction

distance from bottom of tank to liguid surface
distance from bottom of tank to pendulum surface

distance from bchtom of tank to rigidiy-attached
mass

effective inertia

inertia of body "i" about its cg
inertia ratio

open loop gain

effective rate feedback gain
structural spring rate

PRM linear gain

operating gain

rate feedback gain

geometric dimensions

mass of ith body

liguid mass

ligquid mass of full tank
sloshing mass

rigidly-attached mass

describing function gain for PRM

any integer from- ee tc oo

ratio of the distances from i “open loop
pole and zero to ith ciosed loop pole
tank radius

geometric dimensions

torque applied to ith body
descent engine thrust
maximum available reaction Jet torque

reaction jet torque as a function of time
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GRUMMAN AIRC

SYMBROLS USED IN SECTION 7 (cont.)
Symbol Definition Units
Xin position of body "i" measured in Xy direction ft
Y.n position of body "i" measured in Y, direction ft
Xi’ Yi body fixed coordinates %o ith body hikv
XI’ YI inertial coordinates T
XR? R relative coordinates 't
X static deflection of reaction jet cluster due
RO to descent engine thrust 't
.th

o angle of departure from the 1t open loop

structural pole rad
B mass ratio none
0% dimentionless ratic none
A‘Pi distance between the i~ open loop and closed

loop structural pole rad/sec
o) relative angular displacement of the descent

g

engine th rad
CCi change in the i structural damping ratio none
T filter delay sec
Tp position feedback lag sec
Ty position feedback zero sec
I lem body angular position rad
ﬁ% total feedback signal rad
$. PRM input dead bsnd rad
w uncoupled lem body torsional frequency rad/sec
U body coupling frequency rad/sec
w uncoupled descent engine torsional frequency rad/sec
wp, uncoupled descent engine lateral frequency rad/sec
Wpy open loop coupled frequency of the ith resonance rad/sec
w, natural frequency of pendulum rad/sec
Wpy 7“&2 thrust coupling frequencies rad/sec

3

w5 open loop coupled frequency of the ith anti - rad/sec

resonance ,

SUBSCRIPTS

0] associated with reaction jet cluster longitudinal dynamics
1 associated with decent engine lateral dynamics
2 associated with decent engine torsional dynamics
A associated with lem body
B associated with reaction jet cluster body
C assoclated with decent engine body
i generalized subscript and integer counting variable.
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All preceding analyses neglected the effects of parasitic modes on the attituds
control system. In this section effects of propellant sloshing and an elastic
airframe are considered, primarily from a stability point of view, and the
analytical results are presented. The effect of fuel sloshing and elastic
airframe parasitic modes on +the control system have been considered separ-
ately for this analysis.

T.1l - Introduction

7.2 - Propellant Sloshing

T.2.1 - Introduction-- The forces generated by slcshing of the LEM main
propellants can have a significant effect on the stability and control of the
vehicle. These forces are most readily incorporated into the control system
analysis by using mechanical models (19, 22, 23) which produce dynamic effects
equivalent to those of the propellants. The model parameters have undergone
several refinements before reaching their present stage. Further refinements
appear likely because the experimental sloshing tests currently being con-
ducted will probably result in some empirical modifications of the theoretical
model parameters. This is particularly true of the descent tank model, since
& theoretical hydrodynamic solution is not available for that coafiguration.

The mechanical models are based on linear hydrodynamic solutions for liquid
sloshing in rigid tanks. Such solutions exist for the lateral excitation of
spherical tanks (24) and flat-bottomed cylindrical tanks (25). It can be
shown that a mechanical model consisting of a rigidly-attached mass and a
series of pendulum masses will generate forces which are identical to the
sloshing forces predicted by hydrodynamic theory. The rigid mass in the
model represents the liquid which moves with the tank and thus does not slosh;
the pendulum masses represent the modes of vibration of the sloshing liquid.

Because the liquid has an infinite number of modes of vibration, the model is
theoretically required to have an infinite number of pendulum masses to
exactly reproduce the sloshing force. However, the masses associated with all
but the first mode are relatively small (less than 3% of the first mode mass)
and can safely be neglected for most purposes. The model then consists of

a rigidly-attached mass and a single pendulum mass.

The mechanical model and its parameters for the spherical ascent tanks are
shown in Figure T7-1. The model consists of a pendulum mass, Mg, supported
at a distance hy from the bottom of the tank.

The curves of the model parameters were derived from equations for the slosh-
ing force presented in reference 24. The parameters are plotted in terms of
the non-dimensional liquid depth ratio h/ER. All curves of mass parameters
have been non-dimensionalized by dividing by Mrp, the mass of the propellant
in a full tank. The frequency is given in terms of the parameter (UJ VR/a,
where a 1s the vertical acceleration of the tank (e.g., a = 32.2 ft/sec?for

a tank on the surface of the earth.)

e 3 s PGONFIDENTAL =
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and the rigidly-attached mass are both located at the center of the tank for
all liquid levels. Any other location for the pendulum support and rigid
mass would cause a moment about the center of the tank, and would therefore
be inconsistent with the liquid behavior.

The descent tank consists of a short cylindrical section with hemispherical

solution is available for this configuration, 1t was necessary to fit together
the existing solutions for the sphere and the flat-bottomed cylinder to obtain
approximate values of the sloshing parameters. The curves of these parameters
are given in Figure T7-2. .

The sloshing parameter curves £or the descent tank are based on a spherical
tank when the liquid level is in the lower hemisphere, an "equivalent" flat-
bottemed cylindrical tank when the level is in the cylindrical section or in
the lower part of the upper hemlsphere, and a spherical tank for the nearly
full condition. An "equivalent” cylindrical tank is a flat-bottomed cylinder
which has the same volume and free liquid surface area as the actual tank.
This "equivalent" cylindrical approach has been shown to yield a good approx-
imation to the sloshing behavior in tanks with other than f1at bottoms (26).
The model parameters for the "equivalent"” cylinder were taken from curves
given in Reference 27.

A single-axis, planar stability and response study of the LEM ascent and -
descent stages has been ccnducted, assuming the models discussed above, for
various maneuvers. Two digital computer programs which generate root locus
and time response tc a unit step input have ylelded information about the
stability of the control system with propellant sloching. In addition,

limit cycle, moment unbalance, and step command operations have been simulated
on the analog computer.

A time history of sloshing mase magnitudes for powered ascent and descent

can be seen in Figure 7-3. TFor the descent stage in the hover phase, the
slosh mass peaks up to 23.7% of the total vehicle mass; in the ascent stage
the sloshing mass peaks to 22.2% of the total vehicle mass at h _ 0.5 (half-

full tanks). R

The root locus analysis was performed with the linearized control system shown
in Figure 7-4%. The tank configurations are shown in Figures 7-26 and 7-27.

The modulator was linearized to the extent that it is treated as a pure gain,
varied to generate the root locus. The vehicle dynamics consist of the rigid
body with two linear pendulums to simulate the propellant sloshing in the
fuel and oxidizer tanks. In this plénar, single-axis analysis, the vehicle
is subject to following degrees of freedom:

a) one rigid body translation
b) one rigid body rotation
¢) two sloshing mass oscillations.

The roots of the LEM attitude control system transfer function with sloshing
dynamics (obtained by using the roct locus program) are submitted to another
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Due to the fact that the pressures exerted by the liquid in a spherical tank act
radially, producing no moment sbout the center of the tank, the pendulum support
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ASCENT STAGE PROPELLANT TANK CONFIGURATION
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Figure T7-27
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digital program which computes the vehicle's transient response to a unit
step input for various gains.

An analog computer simulation was also used because it simulates the actual
vehicle control system better, and the characteristics of the Pulse Ratio
Modulator (PRM) can be represented. The PRM is governed by the equations:

Tvip =jz [1 - x(t)] dt

Tyin =jzp A [x(t)] at,

w

where 'I‘Wmi 1s the minimum pulse width, x(t) is the normalized error as a
function o? time, and T, is the pulse period; is a parameter which varies
the off-time of the pulse period (see section 3).

The control system which was programmed on the analog computer ig shown in
Figure 7-5. :

The rectangular modulator pulses are adjusted by an analog thrust function
such that the thrust output behaves as the reaction control Jets. Associated
with these jets i1s a nine millisecond delay and a five millisecond decay

time constant, which combine to mold the thrust function from the modulator's
pulse. An example is shown in Figure 7-6. :

In considering an operating gain, K,, for digital root locus analysis, it
was necessary to assign an effective gain for the modulator. This gain was
simply the slope of the angular error (in degrees) versus normalized output
‘for a linear modulator (,X= 1). .

A describing function analysis of the modulator with deadzone and thrust
saturation revealed that, for large error signals, the equivalent gain will

be much less than the nominal linear gain. Therefore, a gain of % the linear
gain K, has been marked on the root loci plots to show system roots equivalent
to the existence of large error signals.

7.2.2, - Stability Analysis -- The analysis of the IEM control system without
the gimbal trim loop, but including the effects of propellant sloshing
(equations in Table T-9), reveals stable operation for most gains (Figures
7-7 and 7-12). For extremely high gains, the rigid body mode of the vehicle
is unstafle if there is a zero representation of the jet delay (Figures 7-8
and T7-11

The two sloshing modes (oxidizer and fuel) appear in the root locus on the
imaginary axis at a frequency between 2.5 and 4.5 radians/second. The rigid
body poles can be seen curving about the rate gyro zero (O = -1.25) before
they meet and split apart along the negative real axis.

As previously noted, a more significant control system gain is one half the
operating gain (KO/E). For this gain, the damping ratios for the rigid
body and the predominant sloshing mode are given in the tables T-1 and T-2.

' 5o sent ONFDENHAL
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TABIE T-9

Single Axis¥*

Sloshing Dynamics Equations for IEM Vehicle

Vehicle dynamics:

MZ

1

FSZj_

I8 = T, - Fgpy Xpy

Accelerations at pendulum supports:

12
Zp, = Z - Xp@ * 148

Pendulum responses:

0g, +* 23 W O, T I

51 i ni
Sloshing forces (due to pendulums) :

FSZi = Msi a @Si

% These equations, which represent the piteh axis, are also valid for
the roll and ascent stage yaw aXxes. The equations describing the
descent stage yaw motion, however, do not requ
1ational degree of freedom. The effect of gimballing the descent

The control system i1s shown

engine has been neglected throughout.
in Figure T-5.

GRUMMAN AIRCRA
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TABIE 7-9 (CONTINUED)
SYMBOLS USED IN TABIE 7 - 9

M Reduced vehicle mass {siosh masses vemcved)

I Reduced vehicle inertia (slosh inertia removed )

Z IEM roll body axis

7 Vehicle acceleration in Z-divection

é,.. Vehicle rotational velocity and accelevation about Fit<h axis

To Control torque

FSZi Sloshing force of the ith taxk in the Z-directicn

Xy X-coordinate of the i’ tank

ZTi Z-coordinate of the ith tank

.ZTi Acceleration of ith tank (ith rendulum support) in Z-dire~‘*icn

j& Critical damping ratio of sloshing modes

Qsl, ési: Esi Anigizilﬁgsition, velocity, and acceleration of ith sloshing
U)ni Natural sloshing frequency of propellant in ith tank

a IEM inertial acceleration (thrust/vehicle mass)

Msi Mass of sloshing propellant in ith “ank

DATE 30 Sept.'64LGRUMMAN
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TABIE 7-1
DESCENT YAW AXIS
DAMPING
GAIN = K /2
[0}
n/2H ODE RIGID BODY SLOSH
1.0 ¢ = 0.79 ¢ = 0.029
0.5 ¢ =1.015 g = 0.08k
0.k ¢ =1.195 ¢ = 0.053
TABLE 7-2
DESCENT ROLL AXIS
DAMPING
GAIN = K /2
O
02 ODE RIGID BODY SLOSH
1.0 ¢ = 0.768 ¢ = 0.0042
0.5 ¢ = 0.933 ¢ = 0.045
0.k ¢ =1.035 r = 0.049

The spread between the pole and the zero in the sloshing mode for the yaw axis
is greater than that of the roll axis (Figures 7-10 and 7-12). However, the
sloshing effect is reduced for the yaw axis because more natural damping occurs
for this case (Tables 7-1 and 7-2) due to the larger pole-zero spread.

Tables 7-1 and 7-2 show that the vehicle (rigid body) becomes more heavily
damped as the inertia (proportional to fluid h/2R) decreases. A comparison

of the sloshing modes of Figures 7-9 and 7-10 shows that the frequency of the
poles and zeroes drops from a range of 4.0-4.6 radians/sec. to 2.7-3.2 radians/
sec. This frequency shift is due to the throttling down of the descent

engine from 10,500 1lbs. thrust to about 4,700 1bs. thrust. Although the

lower slosh frequency is closer to that of the LEM control system, the coupling
of the sloshing effects with the control system is not noticeably increased

and the vehicle stability is unaltered.

Tt is interesting to note the roll case of Figure T7-11 where the introduction
of a small amount of fluid damping completely decouples the sloshing effects
from the vehicle control system. '

geport LED-500-3
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Inspection of the LEM ascent stage control system for the roll and yaw axis
reveals the same stability as the descent stage (Figures 7-13 and 7-16). A
comparison of the sloshing modes of the two axes shows tha% the slosh coupling
effect is much greater for rotation about the yaw axis. Tables of the rigid
body and natural slosh damping are given below:

TABLE 7-~3
ASCENT ROLL AXIS
DEMPING

CAIN = K /2

ODE RIZID BODY SLOSH

0.0061

O
[O)
\1
e
i

0.964 ¢

Hi

0.35 ¢ =1.k10 ¢ 0.0038

TARLE 7-Y4
ASCENT YAW AXIS

DAMPING

CAIN = KO/2

ODE RIGID BODY SLOSH

0.0955

(@)

(o)

U1
I

0.742 4

0.0512

O
w
1

LA

]

e

]

0.960

A preliminary analog computer study of the powered-descent phase of the LEM
mission reveals stable operation in the 1imit cycle and in response to various
maneuvers. The gimbal trim loop, designed to null out moment unbalances due
to thrust misaligmment, was not included in the control system for most of this

analysis.

After an angular maneuver, the vehicle returns to its normal, stable, single-pulse
limit cycle.- However, when the gimbal trim servo loop (see Figure 7-5) is
inserted into the control system, a high duty factor limit cycle is generated.

The gimbal trim system appears to work against the modulator which fires

rapidly in opposing blecks of three or four pulses under 1imit cycle operation.

A proposed solution to this instability is to insert a phase-lead network irto
the gimbal trim loop such that the gimbal motor is actuated only when an increas-
ing error is sensed (see section 5). This effect will minimize gimbal overshoot
and result in more stable operation.

For the ascent stage, the programming of the anslog computer is very similar
to that of the descent stage. Some parameters must be charged 4o account for
differences in the tank configuration as well as the sloshirg and vehicle masses.

RePORT LED-Digied .
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This simulaticn allowed one more degree of freedom than the previous analysis.
Tnstead of only one lateral degree of translation, the vehicle was free to
translate in two directions. The two sloshing and the vehicle rotational
degrees of freedom remained as before.

The vehicle was found to have a stable, single-pulse, limit cycle to which

it returned after various maneuvers. Baffling of the main propellant tanks
provided damping which yielded favorable results in fuel consumption and
vehicle handling characteristics. Various non-linear effects associated with
the pendulum (slosh mode) response were investigated, but were found to have
a negligible effect on the gross vehicle properties (attitude and rate).

7.2,3- Transient Response-- Three different fluid levels were investigated
Tor vehicle response to a unit step rotation about the yaw axis, which is the
most sensitive to propellant sloshing. For the descent stage, the vehicle
response (Figures 7-17, 7-18 and 7-19) shows no appeciable overshoot, partly
because the rigid body mode is highly damped (Table 7-1), and also because
the slosh and rigid body frequencies are far enough apart that the small
slosh residue has very little effect on the vehicle attitude.

Table 7-5 gives the time constant and the rise time for the vehicle at various
fluid levels.

TABIE 7-5
DESCENT YAW AXIS
TRANSIENT RESPONSE

GAIN = KO/2
RESPONGE TIME CONSTANT RISE TIME
h/2R (67% of Final Value) (90% of Final Value)
1.0 1.03 sec 1.48 sec
0.5 0.85 sec 1.70 sec
0.4 0.98 sec 1.63 sec

When h/2R = O.M(Figure 7-19), the main engine thrust has been throttled down
to less than one half its original value. Because the natural sloshing
frequency is proportional to \[g-where a is the local acceleration, it moves
closer to the rigid body frequency. However, the increased coupling does not
have a significant effect on the vehicle attitude.

For ascent, the vehicle response to an angular unit step input has been
inspected for rotation about the yaw axis for two different fluid levels.
Because the sloshing frequency is very close to the rigid body natural
frequency for a gain of KO/2, it can be seen in Figures 7-20 and 7-21 that

despite its small residue, the slosh has a significant effect on the vehicle
attitude. Tt is important that sufficient baffle damping be present in the
propellant tanks in cases where the slosh mode can be excited by the rigid
body frequency.
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The dominant characteristics for these two cases are given below:

TABIE T-6
ASCENT YAW AXIS
TRANSIENT RESPONSE

GAIN = Ko/2
“\RESPONSE | TIME CONSTANT | RISE TIME OVERSHOOT | RICID BODY | SLOSH
h/2 (67% of Final | (90% of Wy w
Value) Final Value)
0.65 0.53 sen 0.86 sec 10% 4oy red 3,96 L2l
* * ’ * ’ seen ¢ sec
rad rad
. o] . 2 5. . — .6
0.35 0.50 se 0.91 sec 5.5% 5.22 = 3.0 e

The relatively large overshoot for h/2R = 0.65 plus the subsequent oscilla-
tions, Figure T7-20, are due to the proximity of the slosh and rigid body
frequencies. With a small amount of baffle damping in the propellant tanks
the sloshing effect would be largely decoupled from the control system, as
has been seen for the roll case, Figure T7-11.

T7T.2.4 - Method of Propellant Damping-- The existence of marginal or unstable
sloshing modes in the LEM propellant tanks would impose significant design
requirements upon the propulsion tankage and flight control subsystems.

The fluid damping which would be provided by bladders if they had been used
in the main propellant tanks does not appear adequate to preclude the
possibility of marginal sloshing stability (22). The use of anti-slosh
baffles permits great flexibility in achieving the desired stability, and is
inherently much more reliable than the use of electronic compensation in the
control system.

The key parameter in stabilizing the coupled sloshing modes is the damping of
the fluid caused by the internal configuration of the propellant tank. The
natural damping on the propellant in a smooth-walled spherical tank of IEM
diameter is negligible ( §°<=o.oo5).

To estimate the damping produced by a bladder, a review was made of available
test data on bladders in spherical tanks. A considerable quantity of test
data has been accumulated by the NASA Iewis Research Center for the damping

in spherical tanks with various fluids (water, water-glycerin mixtures,
mercury, TBE manometer fluid) with and without diaphragms. Damping tests were
conducted on spherical tanks of 32-inch and 20.5-inch diameters with diaphragms
of three different thicknesses of butyl rubber and with TBE fluid; and on

a 9.5-inch diameter sphere with diaphragms of three different thicknesses
using both TBE and mercury as fluids.

The damping ratio for a 48.8-inch sphere with an 0.0l-inch diaphragm was
extrapolated from the diaphragm test data available using TBE fluids. The
effect of viscosity difference between TBE fluid and IEM propellants on
damping was then estimated by means of the test data for smooth-walled
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spheres with various fluid viscosities. The fundamental trend of fluid damping

was checked through a comparison of TBE fluid and mercury Ffor diaphragms in
a 9.5-inch sphere. For fluid heights in the range of 0.8 to 0.2 diameter, the
damping ratio was calculated as 1% of critical ( C = 0.0L).

The use of ring-type baffles produces a large increase in fluid damping per
unit baffle surface area. Reviews of published and unpublished data on
baffle damping in spheroids indicate that the circular ring baffle parallel
to the fluid surface is very efficient for fluid depths in the region

0.2 <h/eR < 0.8. -

7.2.5-Baffle Configuration-- The initial baffle requirements for the main
propellant tanks has been determined by Reference 28, Various control system
analyses with limited data on baffle performance have generated the following
minimum damping requirements in the ascent propellant tanks for various

h/2R fluid levels:

ASCENT TANKS: Two,ospherical for 2R = 48.84 and a fluid wave amplitude

of 5.
n/2R g
0.2 to 0.65 0.05
0.7 0.0k

The characteristics of the individual baffles is such that its damping effect
peaks up at & fluld level just above the baffle, causing nonlinear damping
versus h/ZR. Accordingly, the baffles have been spaced close enough such
that for 0.2 < h/2R < 0.7, { = 0.03.

Four ring baffles of various widths were selected for the ascent tanks.
Both three and five-baffle configurations were considered, but were found
to be less efficient than the four-baffle configuration.

For the descent stage propellant tanks, the desired damping was also achieved

by four baffles:

DESCENT TANKS: Two, short cylindrical section (14.28"), with hemi-
spherical caps, maximum h/2R = 1.28

h/2R g
0.25 0.0k
0.4 to 0.65 0.05
0.7 0.04
1.0 0.0L

for wave amplitudes of 50.
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The baffle sizes and their locations are Presented below for the ascent and
descent tanks:

Baffle Location

(Distance from Bottom of Tank) Baffle Width
8 - 3/871 1 - 3/)_’_u
Ascent 1h- 3/8" 2"
Tanks 21- 1/2" | 2 - 1/4"
28-3/4" 2 - 1/h"
12- 3/4" 2 - 1/8"
Descent 21- 3/4" 3"
Tanks 29- 3/8" 3"
30- 1/211 o o 3/8"

Baffle configurations and their damping effects are currently being tested on

8  full-scale slosh rig. It is possible that some empirical refinements will
be made on the present descent tank baffle configuration as a result of sloshing
tests,

The baffles are constructed of flat ring-shaped aluminum and rest approximately
0.25 inch inside of the tank surface when installed. To increase the torsional
rigidity, a tubular inset has been made into the center of the ring baffle,
such that a cross-sectional view of the baffle appears:

T
I, LTI

This construction of the baffle allows greater strength and less weight %han
one with a rectangular cross-section.

7.3-Elastic Airframe

To determine the effects of coupling between the LEM attitude control system and
the ILEM structural dynamics a stability analysis was performed. The transfer
function of the structural dynamics between applied torque, and the IEM

angular position was determined for the stability analysis. The coupling between
the structural dynamics and the control dynamics was determined by plotting

all the open loop poles and zeros in the complex plane. The resulting point

on the root locus is determined by use of the maximum describing function

gain for the PRM. :
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The transfer function was determined from the six degree of freedom equations
obtained by assuming three degrees of freedom for the LEM body, two degrees
of freedom for the descent engine (with respect to the IEM body) and two
degrees of freedom for the reaction jet cluster (with respect to the TEM
body). The equations determined from Figure 7-22 are:

EFpxa = Ya¥an = Tn (1)

Thga = MyTp = (B T Kp) Yp - (g K4p) 8 (@)

= = - -+ +
ZFBXA MEXBA KoXR TR/ERO KﬁxRo (3)
Doy = Mo¥on = - | T KR - (Kygg Kotp) 8| Tp8 (k)
. r .
£1, = Ly = K (R - g) FE(Rgp)\ Ty - Kty (B ) Kot (R-g,)] 6
+
+ 1Y+ 2R K Xp (5)
o
Pr= T (G 8) = (g * Kpp)tg - (g P Kpry) (6)
C c 11 272’"R 11 272

. IR .-

XBA XAA RO\'_T/ + XR (7)

Yo = Ypp YRV g (8)

Xpo = TiMp/ KMy (9)
Note: MA has been used in place of MA + MC above for simplicity, whore MA¢5 My
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The structural damping terms were neglected since the change in structural
damping ratio is of primary interest.

The transfer function obtained is:

2 2
—s +1 = + 1
u.El “, ;
CH— - (10)
TR S, IESE 2 2 2
— + 1 — 1|l S5 41
“_ %l “b,
where
B =1+ MM, (11)
w = (K + K My (12)
4 = G 6" /1, 0
i’ = [Kl (R-le)2 + KE(R-zg)g} /.IA (14)
b 2
“@ = BK]_K.?('@J_ - 22) / ICMC (15)
Ut = (kg Kop) T /1M, (16)
“’r:z (l+ﬁ)IC[Kl(R'—zl)_-th(R—ge)]+MCR[K1131(‘R-,@1)fK2)@2(R-g2)] Tn/IAICMC
(17)
Iy = 1+ I/T, + R, /gT, (18)
® = (1, +2R %M, ) (K) /I.M (19)
“p A o '/ ARG /LMy 9
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L b L I L
I = (I, + 2R02MB) (Tpuy + uTl - )/ (a + wr ) (20)
[ 7_ [ 2 0. L L. |
leE — b‘%.2 + 5%2 + ‘%' + B% )- Ll-(u,b + %l ) | /2 (21)
o .2 2 ~[.2 , o2 2 i s |
“, ~ ng By, T V& Buy ) Wlay + w, )‘ /2 (22)

2 2 2 > 2.2 b Ly b
wPf:{wf*ﬂwL sy Me " pay ) e T ey .-'%2)] /2

(239
2 > L. . L &
“’P; = [wf "By \/@2 row o ) Mg Tghwp, -y >]/2
(24)

The overall open loop transfer function obtainog from control system.bldck dia-

gram (Figure 7-23) 1s: STRUCTURAL DYNAMICS /FEEDBACK DYNAMICS
7 // & ’2§>A* // ’
§7 //K§' /(g&@// S2 2 //
£, ! // 5+ 1 5 +1 ;
7 : i
1! ! : uﬁl 0&2 b (p s + l)(KEs + 1)
= I | omas L | Z
6(8) = 5 (M) e T2 | 2 2 2 \[2 2t
' ' ' e® { = 241)(8 2+3,) = 2:1)|(s 5+ —Bs + l) (rps +1)
e JO o S by 8 ; “% Y%
(25)
where ( 3
1
2(kg + ———7= )
T
P (26)
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2¢
—a
7( 1+ . ) ‘ i 4(KR2\P + ,/wgz.)
B~ % b KR+ 4Kg§3/w3+4§;/w§ (27)

2 (1 VI Ty)

Ir y <1.

N is the describing function gain plotted in Figure 7-24,

TABLE 7-7
System Parameters
.0l sec
= .01045 rag
= 6,87k slug £t°
= 37 slug ft2
= 35,000 #/ft
= 1,200,000 #/ft
= 276,000 #/1t
.8 sec
= 1,52 £t
= .29 ft
= 326 slugs
= «93 slugs

= 11 slugs

= 6.3 ft

= 5,5 ft
10,500 #

= 1,100 fit-#
.02 sec

= ,0238 sec
00174 rad
. 707

120 rad/sec

=™ =
TSRS oY N Y EANT
f

2
ZH H Ow
] ]

o 3
1

¥
€UQ
il

1l

g

8 * IEM Inertia (Iyy touchdown) minus descent engine and two reaction jet clusters.
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TABIE T7-8
Numerical Results
ST 7

C, 1.1032 y = ,1162
Cl 1.1193 T = .0254
C, .9990 , W 73.4 rad/sec
I 7349.2 slug-ft w, = 188 rad/sec
IR 1.0656 wy = 276 rad/sec
Kpc l3.h0{l/sec2] w, = 366 rad/sec
Kg .7858 sec w = 195 rad/sec |
Ky 126,300 ft#/rad uig = 1462.080 rad/sec '
N .78 W = 80.943 rad/sec ,
XRO .00085 ft wp T 8L rad/sec ;
o, .82 rad wp = 43.5 rad/sec |
ay 3.73 rad Wy = 456,463 rad/sec i
a, ,2h8 rad wo = 79.570 rad/sec
B = 1.035

*g o, = --001670 o

* g = +-00000k <

* g, = --001290 ;

% These terms represent the change in structural damping ratio. To determine
the closed-loop structural damping ratio add the estimated open loop structural
demping ratio to each term. The open loop structural damping ratio should

fa1l in the range of .0l to .02,

It was assumed that the structural poles move only short distances (A.P.) and
that they move along the departure angle of these poles (Figure 7-25),
A_Pi was evaluated by assuming that the distance between the open loop poles

and the closed loop structural poles is approximately equal to the distance
of the open loop roots to the open loocp structural poles,except for open loop
roots in the neighborhood of a structural pole. The angle of departure (ai)

was evaluated by normal root locus techniques and { i was evaluated from the

values of Afi and ..

The values for { APi and o, for the various values of structional resonance

(4%buming that the order along the "sw" axls of the structural open lcop roots
arc as shown in Figure T7-25) ara:
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- -1
¢ = tan TTW - a - tan ( g )
P, “b ‘\/ ;g wg z;g
w Nk
-1 “Po ‘g
- tan * ( tg ) - tg ) (28)
APO = KDCKEngCo/ (2;\/(1/”2 + "bog _\/g.leb' + 2;..1)02',,;;(2’;82-1%;9;)(29)
ﬁCo = _APO cos ao/(u?o * APO s?n Olo) (30)
where ~
2 2y (2 V(w2 (e ) L 2 |1
(“?o ‘%2)(uﬁl *bo)(“?l“?e)( z)g/;z2 +bﬁo KEE +*?o )
Cy = ' v (31)
‘ - ) -, 1w Pr)
(p - ) e )7 7
and K, = NKM/IE _ (32)

b- Descent engine lateral resonance

1 1% </ 1-¢ 2 1 *%l . J =€
al=(—tan Tqb)-aub -tan (E—i; + ————EL}tan (% " - £-) (33)
1 e &, e &
P o(w -w ) F P_ sin o P - sin 2o
R “?l Z) R, 1 R, 1
AP1= _=?—‘+ 1+ (34)
2 2
T 1 T
~ 1 ] 1 B

REPORT LED-500 -
DATE 30 Sept. 196

GRUMMAN AIRCRAFT ENGINEERING CORPORATION _




-CONFIDENTIAE™. =

— .‘ L] N 3
ﬁcl = APjcos & / (%1 + LP) sin ozl) (35)

where

1 2 |1 2 2 >, 2 2

T ; —s + - ! ; +w o)

Z\k?dpl '/KEE u‘ljl (%1 “’22)(%1"%2) (*bl 'dzl )
C, = —— 36
e e e e e ey )

B 'rP2 1 11 2 u e 1

2
KDCKE“’PO “"ggcl

Fro =~ j (37)

c- Descent engine torsional resonance

z , 2
-1 1 *, L e 1te
o, 2(77 -tan T“PJ'a“iD - tan = ( + ) -tan ( - ) (38)
2 £ w £ « ¢
g 8 g g g g
Pro [We,-Wa, |\Pr, 114 2 42
< 2 2 2 r s
A% : Y TN (39)
1 - Pgy 1 - PR, - - Fry
i:CQ - APQCOS 0{2/@?; AP2Sin 012) (o)
where
2 2,
KDCKE%’o “% 02
P = (41)
R2

%2(%2-%22)(7)4%—2— +u.1322 )/ub2u+2wg2wP22(22:g2;l) + u.>gbr
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C = ——Z2 , (L2)

T ( 1 + 2 ( 2 2_ 2 w 2 2 5
P ;PT %’2 ) %,2 )(wPl “be ) 3 wze ¢ ng)

The coupling between the attitude control system and the LEM structural dynamics

dces not result in appreciable loss in structural damping. Table 7-8 is g

summary of the numerical results obtained when the system preliminary parameters

tabulated in Table T7-7 are substituted into the equations obtained by the general
analysis presented in this section.If a structural damping ratio of .0l open loop

18 assumed, the maximum loss in damping would be 16%. Therefore, an adequate
stability margin is maintained.

7.4 Corclusion

The analyses presented in this section have shown that the IEM attitude control
system is stable for the vehicle and tank configurations considered. It was also
concluded that, to improve transient response damping and to reduce RCS propellant
consumption, anti-slosh baffles are necessary in both ascent and descent tanks.
Initial studies showed that the fluid damping which would be provided by bladders,
if they had been used in the main propellant tanks, would not be adequate to
preclude the possibility of marginal sloshing stability.

The analysis performed to determine the effect of structural dynamics on the
attitude control system showed no appreciable loss in structural damping. In .
fact, the maximum decrease in structural damping generated would still yield
an adequate stability margin.

The analyses presented in this section are of a preliminary nature, containing
certaln simplifying assumptions. Therefors, more comprehensive analyses will
be conducted to determine the stability margins more accurately.
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